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vi PREFACE 

cepted by the author of the original paper. The index was made 
on the basis of these brief notes and hence cannot be relied on 
to indicate all the papers on a subject that appear in the literature 
list. The appendix is for the convenience of a limited class of 
readers. 

The author expresses his sincere thanks to Professors F. E. 
Bartell, E. G. Conklin, I. H. Derby, G. A. Hulett, A. F. Kovarik, 
E. P. Lyon and others for examining the copy or parts of it and 
offering suggestions, and to Margaret S. McClendon for assist- 
ance in its revision. 

J. F. McClendon. 
Minneapolis, October i, 1916. 
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2 PHYSICAL CHEMISTRY 

cannot be obtained or interpreted without the aid of the methods 
of physical chemistry. Quantitative chemistry is based on the 
molecular and atomic theories, and since molecules and atoms 
obey physical laws, physical chemistry is necessary in order to 
understand the reactions that take place between them. Though 
the problems considered in this book are physiological, the 
methods of attack are chiefly those of the physical chemist. 

As an illustration of the usefulness of physical chemistry we 
may consider the grouping of the elements into the periodic sys- 
tem. Fig. I shows the elements grouped according to their 
physical characters. It may be seen that Li, Na, K, Rb and Cs 
have corresponding positions in the curves. They also have sim- 
ilar effects physiologically. Ca, Sr and Ba form another series, 
whereas Mg stands somewhat apart physiologically as well as 
physically, and the same is probably true of Be (near B). F, CI, 
Br and I form another series (F, CI and Br are indicated by 
spaces homologous with I). 

It is sometimes supposed that very exict data are not necessary 
in biochemistry owing to the errors in taking samples and the 
individual variation of the organisms. We might be interested, 
for instance, in determining whether dextrose were burned in 
an animal, but consider the exact rate of oxidation to be of sec- 
ondary importance. In reality, all qualitative distinctions are 
based on quantitative differences. When we say that coal does 
not bum in air at room temperature we mean that the combustion 
is very slow. Furthermore, the rate of a chemical reaction may 
detennine the possibility of finally detecting the end products. 

All chemical reactions are theoretically reversible. That is to 
say, not only does the observed reaction take place, but the op- 
posite reaction is taking place at the same time at a slower rate. 
The most rapid reactions occur between electrically charged 
atoms or complexes called ions. Positive ions, called cations, 
are attracted to and combine with negatively charged ions, anions. 
If we max an acid (containing H ions) with a base (containing 
OH ions) the H* and OH' combine to form H^O. But the re- 
verse reaction also takes place. Water dissociates into H and 
OH ions, but their number is so small that in all ordinary chem- 
ical work they are never detected. The reason for this lies in 
the difference in speed of the two reactions. The combination 
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takes place jvith enormous rapwdity and with the evolution of 
heat, whereas the dissociation takes place slowly. As soon as 
a molecule of water dissociates, its ions recombine to form 
water. This combination takes place whenever a hydrogen ion 
meets a hydroxyl ion. Hence, the speed of this reaction obeys 
physical laws. 

Since ions of opposite charge combine when they meet, the 
speed of the reaction depends on the ragidity of movement of 
the ions and their number in unit volume, or concentration. 
Since the ionic speed"^ the isame ion at constant temperature 
and viscosity of the solution is constant, the rate of reaction 
depends on the concentration. This is called the law of mass 
action. The behavior of the ions may be compared to men and 
women in a cotillion. Each man has a chance of meeting each 
woman. Similarly, each cation has a chance of meeting each 
anion, and the number of chances of a cation meeting an anion 
is the number of cations multiplied by the number of anions, in 
unit volume. 

Since the concentration of the reacting substances changes 
during the reaction, the rate of reaction changes, and is usually 
negatively accelerated. The mathematical process by which the 
rate at any particular moment is determined is called differentia- 
tion (differential calculus). The rate is determined by the 
amount of substance transformed, divided by the time. If the 
rate were uniform we could find it by dividing the difference 
in the amount of substance at the beginning and end of an ob- 
servation period, by the difference in time at the beginning and 
end of the period. But in an accelerated reaction the rate is 
changing from moment to moment, and the rate at any particular 

time is expressed by the differential, — . Since the rate cannot 

dt 

be measured in a moment, it is necessary to use the differential 
calculus in order to estimate it. For our purposes, however, it 
is not necessary to go through all of the mathematical reasoning, 
but merely to use the formula supplied by the mathematician, 
which varies according <to the conditions of the reaction. 

In actual practice, ionic reactions are usually too rapid to be 
measured. Even the point of equilibrium may sometimes be so 
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hydrogen and hydroxyl ions is nearly the same as in pure water. 
A nearly neutral reaction is very necessary to the life of proto- 
plasm. The fluids that bathe the majority of body cells, and the 
waters in which aquatic organisms live are very nearly neutral 
in reaction, and are maintained in this condition by the presence 
of cart)onates and phosphates (buffers), as will be described later. 

The decomposition products of cells are proteins, carbohydrates, 
fats and fatlike bodies and neutral salts, as well as other sub- 
stances that occur in small amount qt which may arise from the 
decomposition of the above. The proteins are composed of 
amino adds. Amino acids have the general formula NHj.... 
COOH, in which the COOH group has acid and the NH^ group 
(after hydration) has alkaline properties, so that the amino acid 
may be nearly neutral. The proteins are formed by the union 
of the COOH group of one amino acid with the NH, group of 
another with the elimination of one molecule of water. The 
number of amino acid molecules in one molecule of protein is 
very large and hence the molecular weight of proteins is enor- 
mous and is not very definitely settled in many cases. Before 
the proteins of the food are taken into the cells they are broken 
down into amino acids. Each cell builds up its characteristic 
proteins, irrespective of the proteins given as food. 

The carbohydrates are aldehydes or ketones of polyhydric 
alcohols. Because of their aldehyde character, they are more 
easily burned in the body, and furnish most of the energy for 
muscular work. Some of them undergo a molecular rearrange- 
ment, giving rise to the lactone form without free aldehyde or 
ketone groups, but these lactone forms are changed back to the 
original type in digestion or metabolism. The carbohydrates are 
stored in insoluble form, and transported in soluble form (sugar). 

The fats are esters (salts) of glycerine or other polyhydric 
alcohols, and fatty acids. The fats in adipose tissue are saturated 
and are insoluble in water. The fats of other cells are to a large 
extent unsaturated, and many of them contain a choline and 
phosphoric acid radical, which makes them capable of forming 
a colloidal solution with water. These phosphorized fats are 
perhaps more correctly called phospholipines, but together with 
cholesterine (a polyhydric alcohol) they have been called lipoids 
by many physiologists. 
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of this VISCOUS fluid. When two substances or fluids do not mix 
homogeneously they are called phases. In the suspensoid solu- 
tion one phase is the solid: particles and the other the water. 
In the emulsoid solution both phases contain water and colloid, 
but one is very rich in water and the other is relatively poor in 
water. Emulsoids may be precipitated with large quantities of 
saks in the same way that alcohol may be saked out of water, 
but they are not affected by the small amount of salt necessary 
to precipitate suspensoids. The particles of typical emulsoids 
cannot always be seen with the ultnunicroscope, but the particles 
of lecithin, a phospholipine, for instance, are usually distinct. 
Many protein solutions which are t3rpical emulsoids are trans- 
formed into suspensoids by boiling. This change, which is called 
denaturation, is caused by many substances, which are therefore 
used in tests for proteins. Emulsoids increase the viscosky and 
decrease the surface tension of water, whereas suspensoids do 
not. Since all substances that reduce surface tension become 
more concentrated in the surface film, the same is true of the 
emulsoids. The emulsoid in the surface film gradually changes 
into an elastic membrane, a so-called haptogen membrane. 

Colloids have the peculiar property of forming jellies, called 
gels to distinguish them from their solutions called sols. The 
gel formed by a suspensoid consists of a spongelike structure 
formed of rows of colloidal particles. No structure can be seen 
in the gels of some emulsoids, but there is evidence for such ia 
structure in their elasticity. An emulsoid increases the viscosity 
of water. The greater the concentration of the emulsoid the 
greater the viscosity, until very concentrated solutions have the 
viscosity of jelly, and are therefore gels. The viscosky of 
emulsoid sols and gels is not entirely dependent on concentration 
but is influenced by temperatuire and the presence of dissolved 
substances. 

Whereas we may learn a great deal about the exchange be- 
tween the cells and the exterior by studying the intake and out- 
put of the lungs, the products of digestion that are absorbed by 
the alimentary canal and the output of the kidneys, many cells 
are so far removed from these organs that much is left to be 
learned about their exchange. These cells are bathed by tissue 
juice, which is probably somewhat similar to the blood plasma. 
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this process the membrane seems to change from a colloid struc- 
ture to a mass of microscopic crystals. 

We do not know the nature of the plasma membrane, but the 
normal cell is impermeable, or very poorly permeable, to certain 
salts and some other substances. Some fish ^gs are impermeable 
to salts and to water. The permeability of cells is increased on 
stimulation, and goes back to normal during rest. All cells are 
permeable to a host of substances that reduce the surface tension 
of water to a marked degree, and to many substances that dis- 
solve in certain non-aqueous media, although some substances 
that do not reduce the surface tension of water or dissolve in 
these media penetrate cells. 

If any sohition is separated from pure water or a less concen- 
trated solution by a membrane to which the dissolved substance 
(solute) is impermeable, the solute exerts pressure on the mem- 
brane, and the water passes through the membrane into the solu- 
tion. This pressure is called osmotic pressure, and depends not 
on the percentage of solute, buron the number of molecules and 
ions per unit volume. The standard concentration is the molecular 
weight of a substance in grams dissolved in a liter of water. This 
exerts an osmotic pressure of 22.4 atmospheres and is called a 
mol. If the molecules partly dissociate into ions the osmotic 
pressure is increased. The osmotic pressure is difficult to meas- 
ure directly because it is diflScult to obtain membranes that can 
stand the pressure. Since it has been found that the osmotic 
pressure is proportional to the lowering of the freezing point of 
pure water due to adding the dissolved substance, the freezing 
point is usually determined and the osmotic pressure calculated. 
When the osmotic pressure is greater on the inside than on the 
outside of a cell, the cell expands unless the cell wall is strong 
enough to stand the full pressure without stretching. In green 
plants the osmotic pressure is greater on the inside than in the 
water bathing the roots, because the dissolved substances are 
mostly manufactured on the inside. Plants use osmotic pressure 
as the force for growth, and can force asunder great rocks when 
they grow in a crack between them. The osmotic pressure of 
the blood of mammals is almost as constant as the body tempera- 
ture, but we do not thoroughly understand its role in physiology. 
When an organ works, large molecules are broken down into 
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if it is insoluble in the second phase it remains concentrated in 
the phase boundary, and is said to be adsorbed by the second 
phase. 

Electric polarization, such as was described above in regard 
to nerve and muscle, decreases the surface tension. Hence 
stimulation is followed by local increase in surfs^ce tension. 
Surface tension changes cause ameboid movements and cell 
division. Some suppose that muscular contraction is due to 
surface tension changes, but if this is the case the surfaces con- 
cerned must be those of colloidal particles or internal structures, 
as the surface of the muscle fiber is not large enough to account 
for the force of contraction. 

We thus see that a knowledge of what is ordinarily called 
chemistry is not sufficient for the biochemist dealing with med- 
ical or biological problems. Beside the reactions between pro- 
teins, carbohydrates, fats, and many organic and inorganic 
compounds as usually considered by the biochemist, we are 
concerned with such physico-chemical processes as the rate of 
reaction and the position of equilibrium as expressed in the law 
of mass action, with the effect of ions, especially H* and OH', 
osmotic pressure, phase boundaries and the surface tension, dif- 
fusion, adsorption and electrical polarization phenomena that 
occur at the phase boundaries, with colloids and their aggrega- 
tion states, whether gels or sols, with the effect of salts on these 
colloids, and especially on the plasma membrane which is ap- 
parently a colloidal structure, with the enzymes and their colloidal 
state and dissociation, and finally with certain reactions that are 
apparently accelerated by cell structure, presumably through the 
intermediation of adsorption phenomena. 

Definitions of Physical Properties of Aqueous Solutions 

There is a group of properties of water which are affected pro- 
portionately by the introduction of a solute. These are called 
by Washburn, 191 5, the colHgative properties of the solution. 
If the solution is sufficiently dilute, the effect of the solute on 
its colHgative properties is independent of the chemical nature 
of the solute, and determined solely by the number of dissolved 
particles (molecules + ions). The colHgative properties are: 

I — Vapor Pressure. If water is introduced into a vacuum 
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reading but requires a larger sample. One per cent of protein 
raises the refractive index .001 per cent. 

The viscosity of the solution is affected very little by neutral 
salts but very much by emulsion colloids. Not only does the 
concentration of the emulsoid change the viscosity, but (at the 
same concentration) the colloidal state affects it. Apparently, 
the greater the hydration of the colloid the greater the viscosity. 
The viscosity of a solution is measured by the time required for it 
to flow through a capillary tube divided by the time required by 
pure water to flow through the tube at the same temperature. 

The rotation of the plane of polarized light may be used to 
find the concentration of an asymmetric solute in a mixed solu- 
tion since only molecules having an asymmetric atom, usually 
carix)n, have this property. Rotation is measured with a polari- 
meter. Colloidal solutions may polarize light dispersed by the 
particles (Tyndall effect) and gels polarize light when deformed, 
and are then called doubly refractive or anisotropic. 

The surface tension may be used as an index of the concentra- 
tion of certain solutes. Neutral inorganic salts have very little 
effect on the surface tension, but anesthetics have a marked 
effect. The surface tension is found by dividing the weight of 
a drop of the solution by the weight of a drop of water dropped 
from the same pipette. 

The electrical conductivity is much used to find the concentra- 
tion of ions, but it depends, not only on the number, but also 
on the speed of the ions, and hence on the viscosity of the solu- 
tion. The greater the hydration of an ion the less is its speed, 
hence the speed is supposed by some writers to decrease with 
decrease in concentration until maximal hydration occurs. When 
such a dilution is reached, further dilution evolves no heat, and 
the solution is called "dilute." 

The color of a solution is determined qualitatively with the 
spectroscope and quantitatively with the colorimeter. A change 
in the quality of the color is supposed by Stieglitz to be due to 
change in the positions of electrons within the molecule, follow- 
ing an upsetting of the equilibrium by addition or removal of 
atomic groups. It seems probable that a change in the degree 
of hydration may lead to a change in color. The color of a sol 
may be due to the size and refractivity of the colloid particles. 
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weight of a substance may change upon solution, the weight 
in grams as given in the chemical formula (mol) is usually taken, 
and the solution of this in a liter is called formal but is designated 
here as mol in order to save space. When attention is especially 
directed to an element that occurs more than once in the formula, 
the molecular weight is divided by the number of times this sub- 
stance occurs in the molecule (= gram equivalent weight), and 
the solution of this in i liter is then called normal The effects 
of temperature are eliminated by using weight normal solutions, 
in which the formal or normal (gram equivalent) weight of the 
substance is dissolved in looo grams of the solvent, but such 
solutions require a new standardization before use in burettes. 
The requiremtots of volumetric analysis are satisfied in the 
method used in titrating the chloride content of sea water. The 
results are expressed as grams of Q per kilogram of sea water. 
The volumetric apparatus is standardized with a bottle of stand- 
ard sea waiter at the temperature at which the titrations are to 
be made. It is then necessary merely to have a relative calibra- 
tion of the divisions on the burette. 
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nitrate in alcohol is purple, but on adding water it turns pink, 
because in the water-alcohol mixture electrolytic dissociation 
takes place (Noyes and Blanohard, 1900). 

Electric conductivity of solutions: Solutions of electrolytes 
conduct the electric current ajid are called conductors of the 
second class to distinguish them from the metals which are con- 
ductors of the first class. 

If an electric current is passed through a solution from two 
metallic conductors (electrodes) the positive ions (cations) are 
attracted to the negative electrode (cathode) and the negative 
ions (anions) are attracted to the positive electrode (anode). 

The more ions there are in a solution the greater the electric 
conductivity, and hence the electric conductivity may be used to 
determine the ionization. In doing this the electrical resistance, 
in ohms, is measured, and the conductivity is the reciprocal of 
the resistance. 

The electrical resistance of solutions is measure;d by means 
of the Kahlrausch method. The solution to be examined is placed 
in a conductivity cell which consists of a glass vessel containing 
two platiniun electrodes. The electrodes are made of platinum 
foil and should stand vertically so that bubbles will not collect 
on them. Every time the distance between the electrodes is 
changed to the slightest degree the cell has to be standardized 
again. To avoid this, the platinum is often made thick for stiff- 
ness, or the four comers of one electrode are connected to the 
corners of the other by means of glass rods fused to the platinum 
by heat. To the upper edge of the platinum foil a stout platinum 
wire is welded. This is done by heating foil and wire to a white 
heat and welding the wire to the foil by means of a quick tap 
with a hammer. The wire is fused into the end of a small glass 
tube and a drop of mercury dropped into the tube so as to touch 
the platinum wire. When connecting up the apparatus, a copper 
wire is inserted down the tube into the mercury. The electrodes 
may be fastened into the cell by passing the glass tubes through 
a stopper that fits into the cell. 

For solutions used in pure chemistry the pipette forms of con- 
ductivity cells that are on the market are very convenient. For 
biological fluids when only a small quantity may be obtained, the 
test tube form of cell shown in Fig. 2 is convenient. For tissues, 
the apparatus shown in Fig. 3 is useful. 
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Fig. 2. Electric conductivity electrode of low inductive capacity. 



Before using the cell, it must be cleaned with a saturated solu- 
tion of potassium bichromate in concentrated sulphuric acid 
(called cleaning fluid). The platinum should be cleaned by heat 
before fusing in the glass, and cleaned with dtouiing fluid in the 
cell. The cell is rinsed with distilled water and the platinum is 
coated with platinum black (platinized) in order to increase its 
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Fig. 3. Electric conductivity electrode for tissues. 
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surface and reduce electric polarization. In doing this the cell is 
filled with about 2 per cent platinic chloride solution containing a 
trace of basic lead acetate. An electric current of about four volts 
is passed through the cell until one electrode is blackened and the 
current is reversed until the other pole is blackened. The plati- 
nizing solution is returned to the bottle and the cell rinsed and 
filled with dilute sulphuric acid. A current is now passed in both 
directions as before. In this way hydrogen is produced, first on 
one electrode and then on the other, and reduces any chlorine 
that may have been absorbed by the platinum. The cell" is now 
rinsed many times, finally with conductivity water, is filled with 
the latter and left until used. Conductivity water is made by 
a<kiing sulphuric acid and potassium bichromate to distilled water 
and redistilling it, then adding barium hydrate to it and distilling 
it the third time with the exclusion of COj of the air. Both 
distillations may be done at once (Jones, Hulett). 

In order to reduce polarization still further, a rapidly alter- 
nating current is used. This is best obtained from a special 
electric generator, or Vreeland oscillator, but owing to its cost 
most people are content with a small induction coil. The vibrator 
of the coil should be very stiff or very short, in order to produce 
a high pitch resembling the sound of a mosquito. A great change 
in the frei^uency may change the resistance measured 3 per cent 
(W. A. Taylor, 1915). The coil should be enclosed in a sound 
proof box. 

A Wheatstone bridge is built up of a resistance box, the con- 




FiG. 4. Wheatstone bridge arrangement for conductivity apparatus. 
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Obach's Wheatstonb Bridge Table op B/D Where B = Metes Slide 
FKOU o ID Sliding Contact and D = Remainder op Slide Wike. 



la the table following, i is understood before the decimal point 



ductance may be made by bifilar winding or lateral compression 
of the coil into one plane. A sharp tone minimum may be ob- 
tained and the telephone not be sensitive enough to detect it. A 
telephone that is tuned to the pitch of the induction coil is better, 
but the tune of the coil may change even though the spring of 
the vibrator is very stiff. A high frequency generator or Vree- 
land oscillator should not change in pitch, and is necessary for 
the greatest accuracy. 

Since i" rise in temperature causes an increase in electric con- 
ductivity of about 2.5 per cent, the conductivity cell must be 
placed in a water bath whose temperature is kept constant or 
observed very accurately at the moment of the determination. 

If the electrodes are i cm apart and have i sq. cm surface 
the conductivity of the solution in reciprocal ohms is the specific 
conductivity. The specific conductivity divided by the concentra- 
tion (wi) is called the molecular conductivity (X). The usual 
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electrode gives the transport number of the ion. By following 
the above reasoning backward, the ionic speed may be calculated 
(Hittorf). 

These values of ionic speed are relative. Hie actual speed 
of ions is slow, as is shown by electrolyzing a solution containing 
colored anions around the cathode, and observing the time neces- 
sary for them to reach the anode. 

The relative speeds of ions may be more conveniently deter- 
mined by comparing the molecular conductivities of a series of 
salts that are completely dissociated. The molecular conductivity 
of a salt is proportional to the sum of the ionic speeds of anion 
and cation (v+u). Thus, the ratio of the molecular conductiv- 
ities of NaCl and KCl is the ratio of the ionic speeds of Na 
and K. 

The relative ionic speeds at i8** according to Kohlrausch 
(1907) are as follows: 

With organic ions, the longer 
the carbon chain the less the 
speed (Bredig, 1894). 
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In general we may divide electrolytes into two classes, the 
strong and the weak. Strong electrolytes are greatly dissociated^ 
whereas weak electrolytes are poorly dissociated. So-called non- 
electrolytes may be to a minute extent dissociated. Water is 
a non-electrolyte; its ions are the most rapid, but it is poorly 
dissociated. Whereas the concentration of water is about 55 
formal (55 X 18 g per liter), only io~^ mol is dissociated at 22®. 
[Owing to the partial association of HoO into (HjOj) its con- 
centration is less than 55 mol.] 

Strong electrolytes have not yet been brought entirely under 
the law of mass action. Weak electrolytes obey the law, and 
therefore their ions must obey it. Take, for example, the disso- 
ciation of acetic acid at different dilutions. The equation for 
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this sort of phenomenon was found even before the law of mass 
action was so widely applied, and is known as Ostwald's dilu- 
tion law. 

If a represents the degree of dissociation of such an electrolyte, 
of which one mol is dissolved in v liters, the concentration of 

a 
the cations and of the anions is — , and of the undissociated 

V 
I SL 

molecules . Two reactions are going on at the same time, 

V 

the dissociation of the molecules into ions and the recombina- 
tion of the ions to form molecules. The rapidity of dissociation 

I — a 
depends on the concentration of the molecules, , and the re- 

V 

combination on the product of the concentrations of the two 

a a a a 1 — a 

classes of ions, — X — , and at equilibrium, — X — = c — r> 

V V V V V 

a a 
— X — 

V V 

where c is a constant, or = c 

I — a 



a^ 



by division we obtain = c. From this equation it is 

v(i— a) 

seen that ionization increases with dilution. Expressed in words, 
it means that the greater the dilution the farther removed the 
ions are from one another and the less chance they have of 
colliding with one another and recombining to form molecules, 
or the chance of their meeting is equal to the product of the 
concentration of the anions and the concentration of the cations. 
This formula does not hold for the strong electrolytes, and 
Rudolphi (1895) and van't Hoff have applied the empirical 



a» 



formula, = c, to them. One reason that the strong 

v(i— a^) 

electrolytes do not seem to obey the law of mass action may be 

that they form difFerenit hydrates at different dilutions. Some 

of these hydrates have been crystallized and others d'etected in 

other ways. Not only some molecules, but also all ions are sup- 
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posed to be in the form of hydrates. Sulphuric acid forms the 
following hydrates (see Fig. 5) : SH2SO4 • H,0, aHaSO^ • H,0, 
H,SO,HA H,SO,-2HA H^SO^-aHA H^SO^ • 4HaO 
and H2SO4 • I2H20, at percentages 96, 94, 85, 79, 65, 58, and 30 
of sulphuric acid (C. E. Davis, 191 5). 

It should be emphasized that strong electrolytes exist chiefly 
as ions in the dilute soluticwis with which we have to deal in bio- 
chemistry. Take, for example, the neutralization of HCl with 
KOH. Since HCl, KOH and KCl take no part in the reaction 
and are practically never present, the reaction becomes 
H* -f" OH' = HjO. CI' and K* are present in the same quan- 
tities before and after the reaction takes place. That the re- 
action is simply the formation of water from its ions is illustrated 
by the fact that no matter what strong base or acid is substituted 
for the above (at 20°), 13700 calories of heat are produced for 
I mol of acid and alkali used. 

Ionization must be considered in studying the solubility of 
electrolytes. If we pass hydrochloric acid gas into a saturated 
solution of NaCl, the salt will partially crystallize out. In a 
saturated solution of NaCl, the product of the concentrations of 
Na* and CI' is a constant, and when we add more Q' by the 
addition of HQ, salt crystallizes out until the product assumes 
its original value. (This principle is used in the recrystallization 
of NaCl by the introduction of HCl gas into the saturated solu- 
tion.) 

Some electrolytes dissociate into three or more ions. They disso- 
ciate by steps, thus K2SO4 dissociates into K* and KSO4' and 
the latter dissociates into K' and SO4". In certain cases the 
first step may be complete and the second be incomplete under 
ordinary conditions. The dissociation of H2CO3 and H,P04 
will be considered in a later chapter. 

In case one of the ions of an electrolyte is weak and the other 
strong hydrolysis may occur. KjCOg dissociates into K' and 
KCO3'. K* combines with OH' of the water and forms KOH 
while the other ion unites with H* of water to form KHCO,. 
Since the KOH dissociates more OH ions than the bicarbonate 
produces H ions the reaction is alkaline. The further steps in 
this hydrolysis will be considered later. Hydrolysis is the union 
with the ions of water already present. When these are ex- 
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hausted more are formed, and the whole process is instantaneous 
in the above case. In this it is distinguished from the hydrolysis 
of proteins, for instance, in which the protein is boiled for a long 
time with acid or alkali, or hydrolyzed by means of enzymes. 
In the salt hydrolysis water is all that is necessary, but in the 
case of proteins the hydrolysis occurs with unmeasurable slow- 
ness in pure water. 

Some substances may dissociate both H* and OH', and are 
therefore called amphoteric electrolytes or ampholytes. The 
amino acids and proteins belong to this class. Their general 
formula is NHjRCOOH, in which R represents a carbon chain 
(or a series of them connected by the amino and carboxyl 
groups). Some of these may be about neutral, but usually the 
acid or basic character predominates. The double nature of 
these substances is shown by their compounds. If HCl is added 
to egg albumin the latter no longer dissociates H ions, owing 
to the large number already in solution, but it continues to dis- 
sociate OH ions and as fast as these are formed their place in 
the albumin is taken by CI ions, so that more OH ions continue 
to form and to combine with the H ions in solution. In this way 
Alb. Q is formed, which dissociates into Alb* and CI'. If an 
electric current is passed through the solution the albumin will 
go to the cathode. 

On the contrary, if KOH is added to an albumin solution 
Alb.K will be formed by the displacement of the H of the 
hydroxyl, and if an electric current is passed the albumin will 
go to the anode. 

At a certain reaction of the solution the albumin will not 
migrate in an electric field, or if it does half will go toward the 
cathode and half toward the anode. This reaction is called the 
isoelectric point for that albumin. This subject will be con- 
tinued in Chapter IV. 



CHAPTER III 

OSMOTIC PRESSURE 

There are some membranes that are freely permeable to water 
but impermeable to many dissolved substances, and are called 
semipermeable membranes. An example of such is foimd in one 
of Traube's (1867) membranes. If a solution of potassium 
ferrocyanide is allowed to come in contact with a solution of 
CUSO4, a membrane of copper ferrocyanide is formed, which is 
impermeable to potassium ferrocyanide, CUSO4 and their ions 
and to a certain degree to some other electrolytes such as MgS04 
and its ions. If this membrane is made in the form of a bag 
with CUSO4 on the inside and placed in pure water, so much 
pressure will be developed within it that it will burst. This 
pressure is called the osmotic pressure of the CUSO4 solution 
and can be measured if the membrane is strong enough. Mem- 
branes may be deposited in the pores of strong clay cups and 
thickened by driving in the mother substances with an electric 
current (H. N. Morse, 1914). If such a cup is connected with 
a mercury or nitrogen manometer so that the osmotic pressure 
can be measured it is called an osmometer. 

It was found by de Vries (1884), Pfeffer (1877) and others 
that I gram molecule (mol) of a non-electrolyte, such as dex- 
trose, dissolved in water to make i liter has an osmotic pressure 
of 22.4 atmospheres at 0°. De Vries found that electrolytes de- 
parted from this rule, but Arrhenius (1887) showed that this 
discrepancy could be explained by his theory of electrolytic dis- 
sociation, since the ions exert osmotic pressure as well as the 
molecules, and hence ionization would increase osmotic pressure 
as the total osmotic pressure is the sum of the partial pressure 
of molecules -\- ions. Van't Hoff (1887) pointed out that os- 
motic pressure of ideal dilute solutions is the same quantitatively 
as gas pressure. 

The formula for osmotic pressure of dilute ideal solutions is 
pv = RT, where p is the pressure in atmospheres, v is the vol- 
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Fig. 6. Graph indicating the method of integrating the formula PV=RT 
(from MRR). 

ume in liters in which i mol solute is contained, R = 0.0821, and 
T is the absolute temperature, in which zero is — 273.090 on the 
centigrade scale (Fig. 6). Since the volume is the reciprocal of 

p 
the concentration, the formula becomes — = 0.0821 T, where 

c 

c is the molecular (molar) concentration. If the concentration 

is I and the temperature = o^ C = 273 abs., p = .0821 X 273 

= 22.4. In other words, the osmotic pressure of a molar solution 

is 22.4 atmospheres at 0°. From this a method was developed 

of determining the extent of dissociation of an electrolyte from 

its osmotic pressure. If i mol KCl is dissolved in so large a 

volume of water that it is completely dissociated it will exert 

double the pressure of i mol dextrose dissolved in the same 

volume, because the number of ions is double the number of 

molecules, and the formula becomes pv = 2RT. If the salt is 

partly dissociated a number somewhere between i and 2 must 

be used (say 1.5), then 50 per cent of the salt is dissociated. 

The most accurate determinations of osmotic pressure have 

been done on sugars by H. N. Morse (1914) and Berkeley and 

Hartley (1904). Morse made some determinations on elec- 
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degraes, centigrade 



The solution to be frozen is poured into a test tube having 
a double bored cork. This tube is sometimes provided with a 
side neck through which 3 small crystal of ice may be dropped 
to start the freezing as soon as the temperature reaches the 
freezing point and thus prevent undercooling. The test tube 
is ^tted into a larger test tube and the space between them left 
full of air or filled with alcohol to prevent the condensation of 
moisture which would obscure observation. The freezing mix- 
ture is usually crushed ice or snow and salt, but this interferes 
with observation, and ether through which air is sucked is prefer- 
able. 

The determination of the freezing point is as follows. About 
22 cc of the solution is poured into a test tube, and the bulb of 
the thermometer and a platinum stirrer lowered into it through 
separate holes in the stopper. The test tube is cooled nearly to 
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of unknown that has not changed in length found; its osmotic 
pressure is between those of the graded solutions on each side 
of it. One cc of the unknown is sufficient and hence the method 
is useful in biological work. This method has the advantage that 
it measures the osmotic pressure at any desired temperature. 
The chief error is in the mixing of the drops, caused by the 
adhesion of a surface film to the glass and the transfer of fluid 
from one drop to another in this film. 

The way in which osmotic pressure may do work in the or- 
ganism is best illustrated in plants. The plant cell is limited by 
the plasma membrane which is impermeable to some dissolved 
substances. Surrounding the plasma membrane is the cellulose 
cell wall. If the cell is placed in water the osmotic pressure of 
its interior causes it to swell, and the plasma membrane is pressed 
against the cellulose cell wall and tightens it or makes the cell 
turgid. This turgidity (turgor) is what gives stiffness to herba- 
ceous plants, lacking which the plant is said to be wilted. The 
osmotic pressure of many plant cells is a number of atmospheres, 
and the cell wall has to be very strong in order to withstand the 
pressure. The extent of this pressure is realized when the roots 
of trees growing between rocks separate the rocks by the osmotic 
pressure exerted. 

The cell wall of a young plant cell is very thin and is stretched 
by the osmotic pressure as the cell grows. Some mechanism 
must be provided for getting the osmotic substance into the cell, 
before it can -stretch the cell and cause growth. In the green 
plant cell the osmotic substances are manufactured with the aid 
of sunlight out of HjO and CO2, to which the cell is freely 
permeable. The colorless cells absorb certain organic substances 
secreted by the green cells, transforming them into other sub- 
stances to which the plasma membrane is impermeable, and which 
therefore accumulate in the cells and cause the osmotic pressure. 
Though these osmotic substances are not in all cases definitely 
known, tannic and oxalic acid and their salts have been postu- 
lated. The sugars are supposed by some investigators to be the 
nutritive substances passed from the green to the colorless cells, 
meaning that both kinds of cells are permeable to sugar. Over- 
ton, however, claims that plant cells are impermeable to sugar 
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and hence any contained sugar could aid in maintaining the 
turgor. 

A solution whose osmotic pressure is lower than that of the 
cell is said to be h)rpotonic, and one whose pressure is greater, 
hypert<Miic. The osmotic pressure of many animal cells is very 
near that of the medium, or the fluid which bathes them. When 
the medium is hypotonic the cell swells, when hypertonic it 
shrinks imtil equilibrium is established. Since animal cells are 
not surrounded by very strong cell walls, they burst or swell 
when placed in pure water. But some animal cells are imper- 
meable to water, and consequently are not affected by changes 
in the medium. 

Fresh water protozoa are prevented from bursting by the 
activity of the contractile vacuole. Zuelzer (1907) acclimatized 
Ameba verrucosa to sea water and the contractile vacuole beat 
more and more slowly and finally disappeared in y^ sea water. 
The few marine protozoa that have contractile vacuole are 
parasitic and hence not in pure sea water and the pulsations of 
the vacuoles are much slower than is the case with fresh water 
forms. 

Most of the cells in the mammalian, reptilian and avian bodies 
are bathed by fluids whose osmotic pressure is practically con- 
stant. One of these fluids is the blood. Its osmotic pressure 
at body temperature is about 8 atmospheres (6.7 at 0°), its 
freezing point being about — .56°. This corresponds to about 
10 per cent (.3 molecular) cane sugar or .95 per cent NaCl solu- 
tion (.16 mol). See Fig. 30, Chapter XV. 

More minute data on osmotic pressure will be considered in 
Chapter XV. 



CHAPTER IV 



HYDROGEN AND HYDROXYL ION CONCENTRATION 

AND CO2 PRESSURE 

Water is an electrolyte and dissociates into H and OH 
ions, which are therefore equal in number. At 22° or 23° 
H* = OH' = I0-^ or H" X OH' = io-^\ If we increase 
H* by adding acid, OH' decreases, because H* X OH' remains 
equal to lO"^*. Conversely, if we add alkali, H* decreases, and 
hence we may estimate the acidity or alkalinity of a solution by 
determining the H* concentration. The product of the H and 
OH ion concentrations is io~^* and the — logarithm is 14 (and 
is designated — log K^). The following table gives the values 
of — logK^ for various temperatures, calculated thermo- 
dynamically from the results of Lorenz and Boehi (1909) at 
18°, and which agree with those of Sorensen, Michaelis and 
some others within about one degree. 



t*» — logKw 


t* — logKw 


t° — logKw 


t° -logKw 


t° —logKw 


t° -logKw 


18 14.142 

19 14.108 

20 14.073 

21 14.038 


22 14.004 

23 13.960 

24 13-927 

25 13-894 


26 13.861 

27 13.828 

28 13.796 

29 13.765 


30 13.733 

31 13.702 

32 13.671 

33 13.641 


34 13.611 

35 13.581 

36 13.561 

37 13.532 


38 13.513 

39 13.475 

40 13.446 



In order to save space it is better to express H* concentration 
as the minus logarithm (PH). Thus if H* concentration = lO'^, 
PH = 7 (Sorensen 1909). 

In order to understand the method by which the H ion con- 
centration is determined we must first consider the theory of 
concentration cells and electrode potentials. The fact that an 
electric potential difference is produced at the surface of con- 
tact of the metal with a solution is explained as follows: We 
know that the ions of metals are soluble because they are pro- 
duced by the solution of metallic salts. There is also a store 
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of electricity in the metal for charging the ions as illustrated by 
the behavior of radioactive metals. If a piece of metal is placed 
in pure water it gives off ions, but these ions taking positive -^ 
charges from the metal leave the metal negative, and when the 
attraction of the negative metal for the positive ions equals the 
diffusion pressure (= osmotic pressure) of the ions no more 
ions will be given off. If instead of placing the metal in pure 
water we place it in a solution containing ions of the metal, the 
metal will give out a less number of ions and will become less 
n^ative. If the concentration of the metallic ions in the solu- 
tion is increased, a point will be reached at which the metal will 
give out no ions and hence remain electrically neutral, and if the 
ionic concentration of the solution is still further increased ions 
will be deposited on the metal and give it a positive charge. If 
a piece of metal is placed in a solution containing i gram equiva- 
lent of its ions per liter it may become negative or positive ac- 
cording to the metal used. The following table is prepared in 
this way, but the neutral point (taken arbitrarily) is not the 
potential of the earth but the potential of a hydrogen electrode 
in a gram equivalent solution of hydrogen ions (see Abegg Auer- 
bach & Luther, 191 1). The potentiar that the electrode assumes 
is called the electrolytic solution tension. 

Electrolytic Solution Tension. 

Potential of metal (or non-metal) when immersed in a normal solution 
of its ions at 25**, as measured against a normal hydrogen electrode. Some 
American writers use reverse signs (-f, — ). 



Cs 


Sn*' 


— 


.1 


PI + .789 


iLi* — 3.305 


Fe- 


— 


43 


Pt + .863 


Rb* — 3.205 


Tl* 




32 


Au- -f 1.5 


K- - 3.203 


Co- 


— 


.29 


HSO/4- 2.6 


Xa* — 2.993 


Ni- 


— 


.22 


SO/ + 1.9 


Ba** — 2.7 


Pb- 


— 


.12 


OH' + 41 


Sr* • — 2.767 


H* 




0.00 


cr + 1.35 


Ca*- —2.55 


As 


+ 


.292 


Br' -f 1.08 


Mg- - 1.55 


Cu- 


+ 


.34 


I' + .54 


Al — 1.276 


Bi 


-f 


.391 


F -f 1.9 


Mn — 1.075 


Sb 


4- 


466 


S" - .55 


Zn** — .760 


H«- 


+ 


.86 




Cd"* — .40 


Ag- 


+ 


.8 





It may be seen from the table that the baser metals have a 
greater tendency to dissolve and produce ions than the noble 
metals. 

Electrolytic solution tension is reduced by certain impurities 
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in solution as follows, banning with least effective: maimite 
<glycerine <glycol <meth. ale. <eth. ale. <acetone <prDp, 
ale. <ether. (Abl, 1907.) 




""Tz!!' mknr' 



Fig. 7, Method of connecting the apparatus for determining hydrogen 
ion concentration (from MRR). 

Determination of Hydrogen Ion Concentration with Hydrogen 
Electrodes 
The apparatus, Fig. 7, consists of a hydrogen electrode, a vial, 
filled with a saturated solution of KQ, and electrolytically con- 
nected with the hydrogen electrode, a calomel electrode elec- 
troljrttcalty conneeted with the vial by means of a syphon, a 
capillary electrometer, ce, with compound reading microscope. 



Fjc. 8. Tenth normal calomel electrode (from MRR). 
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clamped on the stage of a tilted back microscope. If much cur- 
rent is ran through the electrometer, a drop of mercury must be 
allowed to pass from the capillary into the large arm. 

The telegraph key short circuits the electrometer when not in 
use, and if a simple key is used instead, a short circuiting switch 
must be added. 



Fig. 10. Weston st^dard cell, saturated type (from MRR). 

It is not usually economical to make a Weston cell (Fig. lo) 
if only one is needed and the materials are not already at hand. 
Directions for making it are given in Ostwald-Luther, "Messun- 
gen," 1910. Its voltage should be 1.0183 a* 20". If it is short 
circuited it will not recover for several days. 

The potentiometer should have a high electrical resistance in 
order to prevent the storage cell from running down rapidly, 
and to reduce errors due to contact resistances within itself. 

If a standard potentiometer or one like Fig. 11 is not available 
a No. 36 nichrome wire stretched over a 1018.3 millimeter scale 
may be used, but it must be calibrated as the meter wire is in 
Ostwald-Luther, "Messungen," 1910. 
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Fig. II. Potentiometer and standard cell combined (L and N) from 
MRR. 

The principle of the potentiometer is as follows: Suppose we 
have a wire stretched over a scale divided into equal divisions, 
and an electric current flowing through the wire so that each 
division has a fall of potential of one millivolt. If we lead off 
a shunt circuit from two points on the wire lo divisions apart 
through an electrometer, a current of lo millivolts will flow 
through the electrometer. Interpose in the shunt circuit an 
emf of lo millivolts in a direction opposite to the current in 
the shunt, no current will flow through the shunt, and there will 
be no deflection in the electrometer. Interpose an unknown 
emf in the shunt and move the contacts on the potentiometer 
wire until no deflection is seen in the electrometer, and the voltage 
of the unknown is equal to the number of divisions between the 
contacts of the shunt leads, in millivolts. In order to standardize 
our current, we reverse this process by placing a known cinf 
{Weston cell) in the shunt and then changing the total length 
of the wire until each division equals a millivolt. 

The hydrogen electrode is essentially a metal electrode satu- 
rated with hydrogen. Platinum absorbs hydrogen greedily 
especially when in the finely divided state known as platinum 
black, and is excellent for the surface of the electrode. But it 
is better to make the interior of gold so that it will not absorb 
so much hydrogen and take it away from the surface. The gold 
is covered with platinum black as In platinizing conductivity 
electrodes, but it is not necessary to remove Cl^ by HjSOj and 
electrolysis, as the electrode is never used as anode and no CI, 
is formed. In order to keep the electrode saturated with hydro- 
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gen while it is immersed in the fluid to be investigated, special 
vessels are necessary, but these are usually inseparably connected 
with the electrode and included under the term. 

Blood requires more * precautions than any other biological 
fluid when investigated with the hydrogen electrode. When suc- 
cess has been achieved with it, the same technique and apparatus 
will serve for any other biological fluid with slight omissions and 
modiflcations for expediency. Though many forms of electrodes 
have been described, but four points in the technique need be 
emphasized: First, reduce the layer of blood over the platinum 
as much as possible so that hydrogen can get to the platinum 
(Michaelis "Wasserstoffionenkonzentration," 1914). Second, 
shake the hydrogen with another sample of the same blood before 
passing it into the electrode, otherwise CO2 will pass from the 
blood into the hydrogen and leave the blood more alkaline (Has- 
selbalch, 1913). Third (not absolutely necessary), remove the ery- 
throcytes. Otherwise the oxygen they contain will combine with 
the hydrogen in the platinum and reduce its concentration (Mil- 
roy, 1914). Fourth, connect the apparatus so that the blood is 
never exposed to the air and CO2 lost (McCIendon 1916 a). 



'>^m 



Fig. 12. Hollow needle for drawing blood (from JBC). 



^ . • \o 
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Fig. 13. Tube for collecting, defibrinating and centrifuging blood with- 
out exposure to air. The ends are fitted with rubber tubes (from MRR). 

The following apparatus is the first to include all of these points 
(McCIendon & Magoon, 1916). 

The blood is drawn through a hollow needle. Fig. 12, connected 
by rubber tubing to the 10 cc defibrination tube, Fig. 13, and 
defibrinated with the lead ball with the exclusion of air. This 
tube is then placed in the centrifuge and the corpuscles precipi- 
tated. The lower end is connected to a mercury tube and funnel, 
with the exclusion of air, and the upper end is connected to the 
Fresenius cock a of the electrode, Fig. 14, that has already been 
rinsed with distilled water and filled with pure hydrogen. Rais- 
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L5cc. 3cc. 
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m 




Fig. 14. Hydrogen electrode for fluids containing CO2. Hydrogen is 
shaken with one portion of the fluid in the large compartment and passed 
into another portion of the fluid in the small compartment without ex- 
posure to air (from JBC). 

ing the mercury funnel causes the serum to rise in the cock and 
wash out the air, and when this is done the cock is turned (the 
two others likewise) so that the serum enters the electrode, the 
hydrogen bubbling out through the water in the trap, i. The 
2 cc chamber is completely filled with serum, the 4.5 cc chamber 
filled until it contains only 1.5 cc of hydrogen and all of the 
cocks closed. The electrode is shaken or inverted 200 times, to 
bring the hydrogen to equilibrium as regards CO.^. The middle 
cock is now opened and the electrode held vertically or shaken 
so that the hydrogen displaces 1.5 cc serum from the smaller 
chamber. In passing from the large to the small chamber, the 
hydrc^en is in contact with the returning serum spread in a thin 
film, and so completes CO., equilibrium. The middle cock is 
closed and the electrode shaken or inverted 200 times, connected 
to the potentiometer by means of a wire hooked into the platinum 
loop, and to the calomel electrode by dipping the Fresenius cock 
into the vial filled with a saturated solution of KG. Clark and 
Lubs (1916) state that it is better to have the KCl meet the 
senmi in a wide tube and make this contact immediately before 
taking the reading. I have not found this precaution necessary 
for an accuracy of i millivolt. If desired, tlie precaution may 
be taken by having the opening, a, iMg. 14, wide, lubricating this 
stopcock with serum before filling the electrode and leaving the 
outlet filled with serum after filling the electrode. The tempera- 
ture of the room is controlled or at least noted. A convenient 
thermoregulator for the room is shown in Fig. 15. The first 
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Fic. 15. Thermoregulator for maintaining constant temperature in a 
room. The regulator is of strips of invar and brass welded together, and 
the heater is of nichrome wire strung throu^ the air. An electric fan 
is necessary (from JBC). 

reading on the potentiometer is correct provided the electrode 
is the temperature of the room. If more readings are taken 
the electrode should be shaken or turned so as to splash a fresh 
layer of serum over the platinum. The efficiency of this elec- 
trode is shown by the fact that successive readings during one 
hour (or even forty-eight hours) are the same within i millivolt. 
The electrode is cleaned with potassium bichromate in sulphuric 
acid and left filled with distilled water. Before use, it is replatinized 
a few seconds, rinsed thoroughly with distilled water, the Fre- 
sinius cock lubricated with serum or KCl solution and the elec- 
trode filled with pure hydrogen. Venous blood may be used in 
the electrode instead of serum, provided hirudin or oxalate are 
used to prevent coagulation. 

If it is desired to measure the PH of the serum at a known 
CO, pressure, the electrode is sealed to a Hemphill burette. Since 
CO, pressures above 10 per cent of an atmosphere are not desira- 
ble, the 100 cc burette may be shortened, and only 10 cc made nar- 
row and graduated as in Fig. 16. This burette may be called a 
tonometer, since the pressure of CO, in atmospheres is measured 
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Fig. i6. Combined tonometer and hydrogen electrode. The fluid is 
passed from the z cc electrode into the lOO cc tonometer and back into 
the 2 cc electrode (from JBC). 
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by it. The electrode is first filled with serum through a. The 
apparatus is set up as in the figure, and the tonometer filled with 
mercury by raising the mercury funnel. The connections with 
the Hg and COj generators are provided with side tubes with 
traps, 0, to make sure that the gas issuing from them never varies 
more than about a millimeter of water from atmospheric pres- 
sure. The three way cock, a, is connected with the CO2 generator, 
its outlet washed through the opening, fc, and the cock turned 
so as to admit COj into the tonometer while the funnel is being 
carefully lowered. When the right per cent of CO2 is read off 
on the graduations the lower cock, e, and three way cock, a, 
are closed. Hydrogen is admitted in the same way as was the 
CO2, in order to fill the tonometer with gas at atmospheric pres- 
sure, and tSie lower cock, e, closed. If it is desired to make gas 
mixtures containing less than i per cent COj, for example 0.03 
per cent CO2, first make i per cent CO2, mix by allowing to 
stand or inverting the apparatus, and expel all but 3 cc by raising 
mercury funnel, then fill with hydrogen. The apparatus is re- 
moved, the three way cock, a, is so turned as to connect the 
tonometer with the electrode, the serum shaken down into the 
tonometer and rotated fifteen minutes. One half cc of serum is 
shaken back into the electrode, connections made and reading 
taken. If it is desired to use another COg pressure on the same 
serum, all of the serum is shaken into the electrode and the 
process repeated. By measuring the PH of the serum at COg 
tension of the alveolar air, the PH of the arterial blood may be 
obtained. It is not always possible to distinguish between the 
PH of venous and of arterial blood, because the slight difference 
may come within the limit of error of the method, but since the 
PH of arterial blood is more constant than that of venous blood, 
the significance of this procedure is obvious. 




Fig. 17. Hydrogen electrode for COj-free fluids (from MRR). 

A simple hydrogen electrode for small quantities of fluid is 
shown in Fig. 17. If used for titrations the rubber bulb may 
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pressure of blood (or alveolar air) is known or the PH of bkxxl 
at any known COj pressure is determined. 

It should be noted that hydrogen electrodes are "poisoned" 
by HaS, NH3, Qj and arsene, therefore the hydrogen should be 
freed from arsene by passing it through potassium perman- 
ganate+KOH solution and through mercuric chloride solution. 
If Hj is produced elect rolytically the O2 should be removed 
(Clark and Lubs, 1916). Putrescent solutions are best studied 
by Rowntree's method (see indicators). 

Since the potentiometer measures the emf in millivolts, this 

reading must be converted into the PH by the following formula : 

emf — 337 

PH = , where T = absolute temperature. 

.1984 T 

Or the conversion table, Fig. 19, may be used. 

The following da^ta will assist in conistructing a conversion table like 
Fig. 19 of wider range: 



For PH = 




For Ph : 


= 10 




Emf = 




Temp. 






337 from 18° to 32** 


Emf 


degrees 


Emf 


e 


336.9 at 33" 


914.4 


18 


932.3 


27 


336.8 34° 


9164 


19 


934.3 


28 


336.7 35** 


918.4 


20 


936.2 


29 


336.6 36* 


920.4 


21 


938.2 


30 


336.5 S?"" 


922.4 


22 


940.2 


31 




924.3 


23 


942.2 


32 




926.3 


24 


944.1 


33 




928.3 


25 


946. 


34 




930.3 


26 


947.9 
949.7 
951.6 


35 
36 
37 



For conversion tables for the saturated calomel electrode see Mc- 
Clendon (1916 b). 

The formula and conversion table refer to the emf obtained 

with the partial pressure of hydrogen in the electrode = 760 mm, 

but since this is lowered by Ng, COj, water vapor, and by the 

barometric deficiency (760 — bar.) the potentiometer reading 

760 
must be increased by (30 log ) where q = partial pressure 

q 

of hydrogen in the electrode. According to Clark and Lubs 
(1916) a correction should also be applied for the expansion of 
H, by heat. This would make the number 338 apply to a wide 
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The following indicators were found by Sorensen (1909) to be least 
affected by proteins, but some control is necessary if the protein content 
of the unknown solution is considerable. 

Indicator PH 

Metftiyl violet ' o.i— 3.2 

Mauvein o.i— 2.9 

(Methyl red) o — Benzolcarbonicacid azo dimethyl anilin 4,2 — 6.3 

p— Nttro phenol 5 — 7 

Neutral red 6.8— 8 

Rosolic acid 6.9— 8 

(Tropaeolin 000) p — Benzolsulfonicacidazo-a-naipthol 7.6 — 8.9 

a — Napithol pdithalein 7.3 — 8.7 

Phenolp«hthalein 8.3—10 

Thymolphthalein 9.3 — 10.5 

The following indicators were studied by Clark and Lubs (1915) : 

Indicator PH 

Monomethyl red 4^5 — 6 

Monoethyl red 4.25 — 6 

Diethyl red 4.5 —6.5 

Monopropyl red 4.25 — 6.25 

EXipropyl red 4.5 — 6.5 

Dimethyl-a-naptihylamine red 5. — 6.75 

Plienolsulphonephthalein 6.5 — 8.5 

o — Cresolsulphonephthalein 6.5 — 8.5 

Thymolsulphonephthalein 8. — 9.75 

a — Naptholsulphonephthalein 7.5 — 9. 

Tetrabromphenolsulphonephthalein 3.5 — 4.5 

Dibromthymolsulphonephthalein 6. — 7.25 

The color change and PH of solutions of some useful indi- 
cators were shown in a colored chart. In order to find the PH 
of an unknown solution, pour it into a test tube of i cm bore, 
add 0.1 cc of the indicator solution, and while looking down into 
it against a white background, compare it with the chart. If 
the test tube is 2 cm bore, 4 cc of indicator solution should be 
used. (McClendon, 1916, b; also in Tortugas Vol., • Carnegie 
Ins. Wash., in press.) 

As shown by Sorensen (1909) some indicators are more sensi- 
tive than others to neutral salts, proteins and protein decomposi- 
tion products. Q>ngo red and litmus are therefore to be 
especially shunned in biological work. For solutions containing 
large amounts of proteins, or having a color of their own, the 
method of Rowntree, Marriott and Levy, 1915, is useful, pro- 
vided that obvious extra precautions are recognized. The fluid 
to be tested is placed in a dialyzing capsule of collodion or parch- 
ment paper impermeable to protein, and introduced into a test 
tube containing some neutral (boiled) distilled water or salt solu- 
tion. The test tube is stoppered to prevent the loss of COj and 
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"HCr* = A O.I n solution of HCl titrated with silver nitrate. 

"NaOH" = A O.I n solution of NaOH made by adding an 
excess of sodium or sodium amalgam to COg-free H^O and 
titrating with HCI and diluting to .i n. Or decanting a clear 
saturated solution of NaOH and diluting to required volume 
with COj-free H^O. 

"Citrate" = A o.i m solution of secondary sodium citrate 
made by dissolving 21.008 g citric acid in 800 cc of .25 n NaOH 
and diluting to a liter. A layer of ether on top will preserve it. 

"HsPO^" = A 1/15 m solution of HgPO^ accurately stand- 
ardized. 

"KHjPO^" = A 1/15 m solution of KH^PO^ made by dis- 
solving 9.078 g of the recrystallized anhydrous (desiccated) salt 
to the liter. 

"NajjHPO^" = A m/15 solution of Na^HPO^ made by dis- 
solving 11.876 g to the liter, of Na2HP042Hj,0 that has been 
recrystallized and dried until it has the right water content by 
analysis. 

"Borate" = A solution of 12.404 g of recrystallized desiccated 
boric acid -f- 100 cc n NaOH solution made up to i liter. 

The distilled water used in making these solutions should be 
free from NHg and COg. The CO2 may be practically eliminated 
by boiling 15 minutes in a tin vessel and cooling under a soda 
lime tube. All solutions should be kept in "nonsol" or "pyrex" 
glass vessels or in paraffined bottles and those with PH above 5 
should be provided with soda lime tubes. The reagents should 
be the purest. In dropping metallic sodium into water Oj should 
be excluded. NaOH made from Na may be purchased but 
should be freed from carbonate by making it first an 80 per cent 
solution in a stoppered bottle and allowing the carbonate to pre- 
cipitate, then pipetting off the clear solution, diluting with CO^- 
f ree water and standardizing it. All of the salts should be dis- 
solved in boiling HjO, filtered and crystallized at least once. It 
is difficult to obtain pure phosphates. The NajHPO^ solution 
should turn phenolphthalein a deep red. In the chart. Fig. 20, 
impurities in the reagents affect the ends of the curves more than 
the middle. 

The buffer mixtures of Clark and Lubs (1916) are as follows: 
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1. ^Solutions made up to 200 cc and containing 50 cc 0.2 m KH-phtha- 
late + 

0.2 n HCl 4670 J9.60 32.95 26.42 20.32 1470 9.90 5.97 2.63 
PH at 20** 2.2 24 2.6 2.8 3.0 3.2 34 3-6 3.8 

2. Solutions made up to 200 cc and containing 50 cc 0.2 m KH-phtha- 
late + 

0.2 n NaOH 1 0.40 3.70 7.50 12.15 17.70 23.85 29.95 3545 39.85 43.00 45.45 47.0 
PH at 20° 1 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0 6^ 

3. Solutions made up to 200 cc and containing 50 cc 0.2 m KHsPO* -f~ 
50 cc 0.2 n KCI + 

PH at 20® 1 5.8 6.0 6.2 64 6.6 6.8 7.0 7.2 74 7.6 7.8 8.0 
0.2 n NaOH I 3.72 5.70 8.60 12.60 17.80 23.65 29.63 35.00 39.50 42.80 45.20 46.80 

4. Solutions made tip to 200 cc and containing 50 cc oi 0.2 m HgBO, -f~ 
2.61 3.97 5.90 8.50 12.00 16.30 21.30 26.70 32.00 36.85 40.80 43.9 
7.8 8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 lo.o 



0.2 n NaOH 
PH at 20*^ 



These solutions should be made from the purest reagents, that 
have been recrystallized three times. The acid potassium phthalate, 
acid potassium phosphate, and potassium chloride may be dried 
at 1 10*^ but the boric acid must be dried at room temperature 
in a desiccator. 

The more acid of the mixtures will deposit crystals of phthalic 
acid if not kept considerably above 20°. 

It may be inferred that the buffer value of these solutions is 
less than those of Sorensen, but their salt action on indicators 
is also less. 

Dissociation Constants of Acids ewid Bases 

Acids and bases differ from neutral salts in that among their 

dissociation products are the ions of water, H* or OH' as the 

case may be. Since the strength of acids and bases lies in the 

number of H and OH ions they dissociate, it is determined by 

the dissociation constant, c. 

a* 

From the law of mass action we have: c = , where 

v(i— a) 

V is the number of liters in which i mol of the acid (for in- 
stance) is dissolved, / — a represents the proportion of the un- 
dissociated molecules and a represents the proportion of anions 
= cations. If we increase the dilution, v, then a^ increases and 
therefore (a = H*) increases. (H* per liter decreases.) 

Strong acids appear to disobey this law when dissociation is 
determined by electric conductivity. If c is determined from 
the dissociation of a more concentrated solution, a more dilute 
solution is found to be dissociated less than- is calculated from 
the formula. In other words, the dissociation in concentrated 
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the concentration of the ions and HA of the undissociated mole- 
cules of the acid. 

The dissociation constants of some weak acids and substances 
which dissociate traces of H*, are as follows at 25® (mostly 
from Scudder, 191 5) : 



-logK^ 


Acid 


-log K^ 


Acid 


— .92 


Trichloracetic 


10.22 


Carbonic (00/) 


+1.00 


Oxalic 


11.00 


Chloral hydrate 


1.29 


EHchloracetic 


11.74 


Makose 


1.96 


Phosphoric (H.PO^') 


12.06 


Levulosc 


2.81 


Monochloracetic 


12.23 


Dextrose 


2.96 


Salicylic 


12.23 


Lactose 


3.01 


Tartaric 


12.43 


Arabdnose 


308 


atrlc 


12.44 


Phosphoric (PO/') 


3.40 


Malic 


12.72 


Sucrose 


3.65 


Hippuric 


1347 


Mannite 


3.68 


Formic 


14.15 


Glycerol 


3.82 


Acetoacetic 


14.74 


Propionitrile 


3.85 
4.17 


Lactic 
Succinic 


-log Kb 


Base 


4.18 


Benzoic 


2.80 


Piper idine 


4.25 


Acrylic 


2.90 


Diethylamine 


444 


Adipic 


3.25 


Ethylandne 


4-49 


Gallic 


3.27 


Dimetihylamine 


4.7 


Betaoxybutyric 


3.39 


Methylamine 


4.73 


Acetic 


4.07 


Ethylenediamine 


4.80 


Biutyric 


4.22 


Trimethylamine 


4.82 


Valerianic 


4.34 


Allylamine 


4.84 


Propionic 


4.74 


Ammonia 


4.84 


Caproic 


4.77 


Brucinc 


4.84 


Caprylic 


5.58 


Quinine 


5.80 


Uric 


6.07 


Strychnine 


5.80 


Salicyl aldehyde 


7.00 


Atropine 


6.00 


Tannic 


7.00 


Pilocarpine 


6.05 


Phosphoric (HPO/) 


8.64 


Pyridine 


6.19 


Cacodylic 


9.30 


Aniline 


6.52 


Carbonic (HCO/) 


9.50 


o-Toluadine 


7.24 


Hydrogen sulphide 


9.58 


Mcthylaniline 


9.24 


Boric On.BO,') 


9.62 


Dimethylaniline 


9-33 


Hydrocyanic 


9.80 


Eithylaniline 


9.92 


Phenol 


13.80 


Urea 



The temperature coefficient for the dissociation of acids and 
bases is usually small. 

In case of CO2 and NHg, the above figures show only the 
apparent dissociation constants. The real acid and base are 
H2CO3 and NH4OH, but the concentration of these is unknown. 
According to the investigations of Thiel and Strohecker (1914) 
the dissociation constant of H^COg is greater than that of formic 
acid. 



CHAPTER V 

SURFACE TENSION AND ADSORPTION 

We are sometimes surprised at the strength of the surface 
film when we see insects supported on the surface of water, but 
according to Cokon (1910) a small clam suspended itself by 
threads (byssus) attached at only three points from the surface 
film in the Naples aquarium. This is more surprising when we 
realize that the thickness of the film is .00000006 nun. 

Although instances were already known, it was first formu- 
lated by J. Willard Gibbs (1874) into a general rule that sub- 
stances which lower the surface tension of a solvent become 
more concentrated in the surface film than in the interior. Take 
for example a system of two phases, oil and water. If a substance 
which lowers the surface tension of water be dissolved in the 
water it will concentrate in the surface film, next to the oil. 
If the substance be soluble in oil, it will diffuse into the oil until 
an equilibrium is reached between the concentration of the sub- 
stance in the oil and in the surface film of the water. If this 
substance therefore has the same solubility in water and in oil 
and does not lower the surface tension of oil it will become more 
concentrated in the oil than in the water. If the substance be 
insoluble in the oil it will remain concentrated in the film of water 
next to the oil and is said to be adsorbed by the oil. Hence, 
surface tension, adsorption and diffusion are related phenomena. 

In the phase boundary between two fluids it is easier to meas- 
ure the surface tension than the adsorption. On the contrary 
it is impossible to measure the surface tension in the phase 
boundary between a fluid and a solid, but the adsorption may 
be measured, actually or relatively. 

The most practicable method of measuring surface tension, 
in biochemistry, is the estimation of the average weight of a 
drop of the one of the fluids falling from a standardized pipette 
into the other fluid. In most measurements one of the fluids 



6o PHYSICAL CHEMISTRY 

that of water. If the soap solution is allowed to drop slowly 
from a stalagmometer it shows a lower surface tension than if 
dropped fast. The rate of flow from a stalagmometer is reduced 
by a piece of capillary tubing forming part of the outflow tube, 
but the more viscous the fluid the slower it will flow. In order 
to reduce errors from this source, Traube uses three stalag- 
mometers for solutions of different viscosity and selects one de- 
livering less than one drop per second. The error in using the 
stalagmometer, due to lack of diffusion equilibrium, is less than 
the error in the methods used on old surfaces, due to the forma- 
tion of haptogen membranes. It should be remembered, how- 
ever, that the stalagmometric data are merely comparative, and 
only those results should be compared where the flow is slow and 
its rate approximately the same in each case (see Harkins and 
Humphrey, 1916). 



Fig. 22. Scheme showing that surface tension is located in a film whose 
thickness equals the diameter of the sphere of molecular attraction. 

In order to understand the relation between surface tension 
and osmotic pressure certain theoretical considerations are neces- 
sary. Surface tension is a molecular phenomenon. The thick- 
ness of the surface film equals the radius of the sphere of 
molecular attraction. In Fig. 22, suppose m to represent a mole- 
cule in the interior, M aNmoI^ule on the surface of a liquid, and 
the circles around them to define the spheres of molecular attrac- 
tion. The sphere of m is entirely within the liquid, hence m 
attracts and is attracted equally on all sides by all molecules in 
this sphere. On the contrary, only the hemisphere of M is within 
the liquid and, hence, M is attracted laterally and downward, but 
not upward. This attraction which the molecules in the surface 
film have for one another puts the film under a tension — surface 
^sion. 



(A PHYSICAL CHEMISTRY 

for adsorption and surface tension. The equation is not quite 
correct, however, for concentrated solutions. As the concentra- 
tion of the solution is increased the surface becomes saturated 
and will not adsorb any more. 

Non-electrolytes that reduce the surface tension compete for 
a place at the surface. The one which is the more effective in 
reducing the surface tension will displace the other from the 
surface. The effect of two or more substances on surface tension 
is additive if the concentration curve is taken into consideration. 
The same rules hold for adsorption. 

Electrolytes that reduce surface tension are adsorbed. If the 
surface be electrically polarized, however, it affects the adsorp- 
tion of electrolytes but not of non-electrolytes. When this is 
the case, electrolytes and non-electrolytes that reduce the tension 
do not displace one another on the surface, but act independently. 

The adsorbability of anions increases in the order: SO4 <C1 
<Br, NO3 <I, and of cations Na <K <Rb <Cs and Ca <Sr 
<Ba. The ions of heavy metals are adsorbed more than those 
of lighter metals ; the nobler the metal the more this is true. 

Neutral salts, such as NaCl, that do not lower the tension of 
the water-air surface are nevertheless adsorbed by charcoal, 
paper, etc. The reason for this difference between the adsorp- 
tion by the air and the solid surface is probably not electrical 
polarization, since that could not favor the adsorption of both 
ions of a salt, but is probably due to molecular attraction of the 
salt by the solid (adhesion). The adsorption of a substance by 
the air surface is due to the repulsion by the water molecules, 
but the adsorption by a solid surface might be due either to the 
repulsion by the water or attraction by the solid (McClendon, 
1913 b). 

The electric charge of the solid, however, does influence the 
adsorption of ions. Clay, aluminum hydroxide and ferric hy- 
droxide are usually electropositive, whereas kaolin, mastic, 
silicic acid, sulphur, charcoal, glass, silk, cotton, wool, starch 
grains and many other substances are negative. Acid dyes are 
in general adsorbed by clay but not at all by kaolin, the converse 
being true of basic dyes. 

The electric charge of solid particles may be due to (first) 
electrolytic solution tension in the case of particles of metal, or 
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(second) to electrolytic dissociation in the case of silicic acid 
which dissociates H ions or sulphur which partially oxidizes and 
dissociates H ions, or (third) to absorption in case the particle 
absorbed one ion of an electrolyte and not the other, and often 
(fourth) to adsorption of ions. The ions that are responsible 
for the electric charge of all particles are not known, but H ions 
may be displaced from positive particles by organic cations. 

The electric charge of solid particles may be increased, de- 
creased or reversed by the adsorption of ions. H ions and heavy 
metal ions make particles more positive, whereas OH ions make 
them more negative. In the neutralization of the charge of 
particles, bivalent ions are more than twice as effective as mono- 
valent ions and trivalent ions are much more than three times as 
effective. This is what we should expect from the curve of 
adsorption (Fig. 24), since two molecules are not twice as effec- 
tive or three molecules three times as effective as one molecule. 

After reversing the charge of particles their adsorbing power 
is reversed. Wool will take up very little acid dye until it is 
made electropositive by the addition of free acid. 



CHAPTER VI 

ELECTROLYTES, NON-ELECTROLYTES AND 

COLLOIDS 

Since electrolytes in dilute aqueous solution are usually largely 
dissociated, it is with the ions that we have most to do. Many 
of the ions are elements and their properties may be predicted 
from their places in the periodic system. In Fig. i, curve III, 
the atomic weights of the elements are plotted on the abscissae 
and the atomic volumes on the ordinates. There are a nunlber 
of U-shaped curves. At the tops of the arms are, Li, Na, K, 
Rb and Cs. These are the alkali metals and are arranged in 
order of their properties. The first spaces going down the left 
hand slopes indicate F, CI, Br and I. These are the halogens 
arranged in the order of their properties, forming the most im- 
portant monatomic anions in life processes. We find Be (above 
B), Mg, Ca, Sr and Ba occupying the first places down the right 
hand slopes. This is the alkaline earth series. The last three 
are arranged according to their physiological properties, but Mg 
sometimes behaves as an alkaline earth metal, sometimes as an 
alkali metal. It is peculiar also in its physical properties, 
MgS04, for instance, being very poorly dissociated. The inter- 
mediate elements of the first and second curves, C, N and O and 
Si, P and S, form many of the compound ions. 

The most important anions may be arranged' according to their 
effect on the thermodynamic properties of water as a solvent in 
the following lyotrope series: CNS, I, (Br, NOg), CI, CH3COO, 
SO4, HPO4, Tartric, Citric. They decrease the compressibility 
of water from left to right. Those to the left decrease, and 
those to the right increase the viscosity of water. They increase 
the saponification of esters by bases from left to right and the 
reverse is true of the hydrolysis of esters by acids. They in- 
crease the surface tension of water from left to right. The 
electrolytic solution tension increases from left to right. The 
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Non-«lectrolyt«. Ppt. power Surface tension (.25niol). 

Mannkc —10.7 1.004 

Dextrose — 6.6 1.004 

Water i 

Urea +4-6 i 

Glycerol + 94 -998 

Glycol +14^ -99 

Methyl alcohol +19*8 -966 

Ethyl alcohol +337 -92 

Acetonitrile +34-5 -95 

Urediane ,+4i -87 

Propyl alcohol +4I-8 .8 

Acetone +42.5 88 

Pyridine +44-5 -VZ 

Pipcridine +S0.6 .738 

Ethyl ether +^^•2 .73 

Diemylamine +56. i .75 

Tert. Amyl alcohol +631 -6^ 

Colloids 

Although Graham defined colloids as a class of non-diffusible, 
non-crystallizable substances, Von Viemam claims that any sub- 
stance may be made colloidal, and hence we should more cor- 
rectly speak of the colloidal state. Many constituents of cells, 
however, are practically always in the colloidal state and are 
conveniently called colloids (emulsoids). Although some pro- 
teins may be crystallized, the crystals contain water and water 
sohible substances and are therefore not so very different from 
gels. The colloids are divided into suspensoids and emulsoids. 

Suspensoids 

The suspensoids, or suspension colloids, are ultramicroscopic 
suspensions. The particles are said to be liquid when first 
formed, but some solidify later. With the ultramicroscope the 
particles may be seen and their size estimated. The ultramicro- 
scope is merely a microscope with a very powerful dark field 
illumination. The colloidal particles look like stars in the night 
except that they may appear colored, depending on their size, 
the smallest appearing blue. This light dispersed by colloid 
solutions causes them to opalesce. The light may not only be 
colored, but polarized as well, a phenomenon named after the 
discoverer, Tyndall. Even cane sugar and raffinose solutions 
show the Tyndall effect (De Bruyn, 1900). 

Whereas with the directly illuminated microscope particles 
.14 fi in diameter may be seen, with the ultramicroscope we may 
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but the order is reversed in case of positive emulsoids. The 
order of effectiveness of cations in precipitating n^;ative emul- 
soids is Li <Na <K <Rb <Cs, and with positive emulsoids 
the reverse. 

There is not much difference in the precipitating power of the 
ions of alkali metals, but the bivalent cations (except Mg) pre- 
cipitate emulsoids much more effectively than monovalent cat- 
ions, and trivalent cations more effectively than bivalent. The 
effectiveness of the heavy metals and sometimes Ca, Sr, Ba and 
H* in precipitating emulsoids lies partly in the fact that they 
denature the emulsoids, making them easier to precipitate. Such 
precipitates are irreversible, whereas the precipitations with neu- 
tral salts of the alkali series are reversible. 

Neutral salts reduce the osmotic pressure of emulsoid solu- 
tions, presumably by causing the particles to aggregate and form 
larger ones, thus reducing the number. The order of effective- 
ness of the anions is the same as given above. 

Emulsoids are precipitated by some non-electrolytes, such as 
alcohol (see non-electrolytes). 

Many of the emulsoids are proteids and are amphoteric. These 
are made electropositive by acid and negative by alkali. There 
is probably a chemical reaction of the nature: Alb-OH-f-HCl= 
AlbCl+HOH, after which the acid albumin dissociates into 
Alb* and CI'; and AlbH-fKOH=AlbK4-HOH, after which 
the alkali albuminate dissociates into Alb' and K*. 

Small amounts of acid or alkali increase the osmotic pressure 
and viscosity, decreasing the surface tension of albumin solu- 
tions. This is probably due to the fact that the acid and alkali 
albuminates are more soluble or highly hydrated in the sense 
that the molecules are not aggregated and hence the "molecular 
concentration" is increased. The addition of larger amounts of 
acid increases the effect up to a certain limit, above which the 
albumin is denatured. 

Since the proteins are amphoteric they dissociate both H and 
OH ions, and are either positive or negative according to whether 
they dissociate more OH or more H ions. According to the 
law of mass action, the greater the concentration of the H ions 
in the solvent the less H ions will be dissociated, and the greater 
the concentration of OH ions (or the less the concentration of 
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and that there is a maximum retardation at about .02 n at which 
Fischer observed the maximum swelling, and Pauli and Wagner 
(1910) observed the maximum viscosity (of serum albumin in 
the last case). Traube claims that Ca** and K* hasten gelation 
and Na* retards it and therefore Ca** antagonizes Na*. He 
claims that anesthetics retard gelation (see Chapter XI). 

Chiari (1911) found the least swelling of gelatine to occur 
when the PH = 4.7, which corresponds closely to the isoelectric 
point, PH = 4.6 as determined by Michaelis. No other investi- 
gator of the effect of acids and alkalis on emulsoids has deter- 
mined the PH. 



CHAPTER VII 

ENZYME ACTION 

Enzymes are classified according to their action, and not ac- 
cording to their constitution. Although Berzelius defined cata- 
lyzers as those substances which by their mere presence cause 
reactions to take place between other substances, many catalyzers 
are now known to take part in the reactions. Ostwald supposed 
that catalyzers accelerate the rate of only those reactions which 
go on at a slower rate in the absence of the catalyzer. It is true 
in certain cases, however, that the catalyzer may change the 
point of equilibrium of a reversible reaction. An example of 
this was observed by Bodenstein and Dietz (1906) in the re- 
versible decomposition and formation of amyl butyrate. In the 
presence of an excess of water and amyl alcohol, the same 
equilibrium point was reached whether the amyl butyrate or the 
amyl alcohol and butyric acid were present in the beginning. 
But if pancreas lipase we're used as a catalyzer, 75 per cent of 
the ester was formed or left against 85 per cent of the ester 
when HQ was used as a catalyzer. 

The chief distinction that is supposed to separate tnzymts 
from other catalyzers is their specificity. This is perhaps over- 
rated, but is fairly well established in some cases. Amygdalin 
may be decomposed by means of emulsin into HCN, benzalde- 
hyde and dextrose. Emmerling (1901) showed that this took 
place in three stages, each of which was accelerated by a different 
enzyme, and that all three enzymes were present in emulsin. The 
reversal of the process could be brought about by applying the 
enz)mies in a certain order to the separate stages. 

In case of stereoisomeres or optically active isomeres, an 
enzyme may accelerate a reaction involving one isomere more 
than the other. If HCN and benzaldehyde are mixed in solution 
optically inactive benzaldehydecyanhydrin is formed, but if the 
reaction is accelerated by means of emulsin, d-benzaldehyde- 
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in the first phase toward the second. This seems to be the case 
with many reactions catalyzed by finely divided platinum and 
is supposed to be a factor in enzyme reactions, since enzymes 
seem to be of colloidal nature. 

Catalysis with colloidal solutions of precious metals resembles 
the action of enzymes in many ways. Both have a temperature 
optimum, that is, both are rendered inactive by boiling and even 
lower temperatures. According to Ernst (1901) the tempera- 
ture optimum for the oxidation of hydrogen under the influence of 
platinum sol lies between 65° and 85°. Both are affected by 
the reaction of the medium. The decomposition of H^Oa, either 
by platinum sol or by the enzyme, catalase, is favored by a slightly 
alkaline reaction. Both the catalase and oxidase action of 
enzymes or colloidal precious metals is suspended by HCN and 
returns when the HCN is removed, if just enough were used 
to suspend action. The same is true of the action of HjS. On 
the sols of Cu and Fe, however, HCN increases catal)rtic activity, 
according to Kastle and Loevenhart (1903). Finally, Meyerhof 
(1914 b) has shown that the action of platinum sol on H^O, is 
reduced by the presence of anesthetics, in the same way that 
enzyme actions are reduced by anesthetics. The anesthetic forms 
a protective film on the platinum particles, due to adsorption. 

The importance of the reaction of the medium, that is, the 
H ion concentration, on the activity of enzymes has long been 
known. Michaelis (1914) attempts to explain this action by 
assuming the enzymes to be weak electrolytes, i. e., acids, bases 
or ampholytes, whose dissociation is affected by the H ions. 
At the optimal H ion concentration the activity of the enzyme 
solution is proportional to the concentration of the enzyme and 
all of the enzyme is in the active form. At any other H ion 
concentration some fraction of the enzyme is in an inactive form, 
and therefore the total activity is reduced. 

According to Sorensen {1909) and Michaelis and Davidsohn 
(1911) the optimal PH for the invertase of yeast is about 4.3. 
Above the optimum the activity of the enzyme decreases to zero 
at about 9, whereas below it the activity decreases (because the 
enzyme is destroyed?) so that little action is obtained below 3 
or 2, depending on the duration of the experiment. Michaelis 
interprets this as follows: The enzyme is an ampholyte with 



CHAPTER VIII 

PERMEABILITY OF CELLS 

It was shown by Niigeli, Pfeffer and de Vries that concen- 
trated solutions of neutral salts cause plant cells to shrink by 
extracting the water from them. The shrinkage, plasmolysis, 
of plant cells may be easily detected because, though the QpU 
wall does not shrink, the shrinkage of the protoplasm separates 
it from the cell wall, leaving a space between the two. Solutions 
with equal plasmolytic power de Vries (1884) called isotonic 
solutions, and showed a relation between their percentage con- 
centrations and the nwlecular weights of the solutes. This was 
the foundation of van't Hoff's theory of osmotic pressure. The 
discrepancies in the relation between the concentration of isotonic 
solutions and the molecular weight of the solutes was explained 
by Arrhenius on the assumption that electrolytic dissociation 
increases the ntunber of particles in solution. In this way a 
-method was developed of measuring the osmotic pressure of 
plant cells. The osmotic pressure of solutions that just fail to 
plasmolyze the cells is equal to the osmotic pressure of the cells. 
If animal cells are used, some method of determining the first 
decrease in volume must be used. When the cells are in large 
masses, changes in volume may be determined by weighing the 
masses. If the cells are free, as with blood corpuscles, their 
volume may be determined by centrifuging them in graduated 
tubes (Hamburger, 1893). 

Some substances do not plasmolyze cells no matter how great 
the concentration, due to the fact that the cells are permeable 
to the substances which consequently cannot exert any osmotic 
pressure on the cells. Others cause only a temporary plasmolysis 
because they slowly penetrate the cells. When the concentration 
becomes the same outside and inside they cease exerting osmotic 
pressure. 

The question arises as to whether the whole cell substance. 
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in wireless telegraphy. These oscillations induce similar ones 
in the secondary coil, 5*, which is connected at one end with the 
adjustable condenser, c, and at the other with the condenser, C, 
between the plates of which the material to be investigated is 
placed. The other plates of these condensers are connected, and 
the circuit bridged by an instrtmient, n, for detecting a current, 
according to the principle of the Wheatstone bridge. If the 
capacity of c does not equal that of C some current will flow 
through n. The plates of c are separated by such a distance that 
no current flows through n, which means that the capacities of 
c and C are equal. A test tube filled- with the erythrocytes is 
placed between the plates of C. If the capacity of C is thereby 
increased, the plates of c would have to be approximated in order 
that no current flow through n. In order to prevent error due 
to the conductivity of the fluid wetting the outside of the cor- 
puscles, they are washed repeatedly with isotonic sugar solution. 
By filling capsules corresponding in size to the corpuscles with 
solutions of different conductivity, and finding the conductivity 
of the solution which causes the same increase in the capacity 
of c as was caused by the blood corpuscles, the conductivity of 
the interior of the corpuscles may be determined. Hober did 
not make his capsules of conducting solutions as small as the 
blood corpuscles nor consider the question of size at all. He 
calculated that the conductivity of the interior of the corpuscles 
is between that of a .i and a .01 normal KCl solution. 




Fig. 26. Scheme for estimating the electric conductivity of cell in- 
teriors by the damping of the inductance of a coil in the core of which 
the cells are placed (from Hober, 1914). 

Another method for measuring the internal conductivity is the 
damping method (Hober, 1915 b). In Fig. 26, Sis the secondary 
coil in which high frequency electric oscillations (10^ a second) 
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isotonic sugar solution, to be equal to that of a 0.15 per cent NaQ 
solution, whereas the Kohlrausch conductivity = 0.03 per cent 
NaCl. It seems probable, therefore, that the chief impermeable 
layer of all cells is the plasma membrane, although other mem- 
branes, nuclear membranes and vacuole membranes, may also 
be impermeable to many substances. 

These experiments of Hober are selected because the cells arc 
not injured in the least. If space permitted, a large number of 
experiments which go to show that the plasma membrane is the 
semipermeable part of the cell could be described. The word 
semipermeable was first used to describe permeability to water 
and to nothing else. This is never true of the plasma mem- 
brane, since it is always permeable to oxygen, for instance. The 
word is now used to denote limited permeability. It will be 
shown later that the plasma membranes of some cells are im- 
permeable to water. 

Before considering the permeability of cells to various sub- 
stances it is well to discuss the diffusion of substances in general, 
from one phase to another of a diphasic system in particular. 

According to Euler the diffusion of undissociated molecules 
through water is inversely proportional to the square root of 
the molecular weight, large molecules therefore diffusing more 
slowly than small ones. The speed of diffusion of ions is given 
on' page 24. 

Diffusion is retarded by increase in the viscosity of a solution, 
hence the emulsoids, which enormously increase the viscosity, 
decrease diffusion. From this it also follows that those sub- 
stances that increase the viscosity of water diffuse slowly. 

The molecules of a substance in solution move in all directions, 
the substance diffusing from regions of higher to regions of 
lower concentration. The rate of diffusion is proportional to 
the concentration gradient. 

In the diffusion of a substance from one phase into another, 
three processes are involved: first, the diffusion to the phase 
boundary; second, solution in the second phase; third, diffusion 
away from the phase boundary. 

Substances which lower the surface tension collect at the 
phase boundary, this step in the process being rapid in this case. 
This concentration in the surface film is due to two factors. 
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The plasma membrane is probably a separate phase, and if so, 
in considering the permeability of a cell we must consider the 
partition of the solute between the medium and the plasma mem- 
brane, as well as between the plasma membrane and the proto- 
plasm. In many cells the protoplasm consists of more than ooe 
phase. In the frog's ^g, four phases in the cytoplasm and two in 
the nucleus may be separated by means of the centrifuge (Mc- 
Clendon, 1910 a). The partition of a solute between these phases 
is therefore to be considered. Some solutes may be in a different 
molecular condition within the cell, or they may be precipitated 
or adsorbed to phase boundaries. All of these factors make the 
subject of cell permeability a very complex one, no general rules 
without exceptions having been found. All we can do at present 
is to collect data on the permeability of cells to various sub- 
stances. The most exact method is the determination of the 
partition of a substance between water, or some aqueous solu- 
tion, and the cell, but unfortunately very little of this data has 
been collected. When a substance is precipitated within a cell, 
a partition equilibrium may never be reached. If the substance 
in question is absolutely insoluble in the plasma membrane no 
diffusion can take place. If the plasma membrane changes with 
the physiological condition of the cell, substances may become 
imprisoned in a cell that becomes impermeable to them later. 
Furthermore, substances may be formed in cells by chemical 
reactions which will not penetrate cells from the exterior. 

Traube attempted to show the ease with which a substance 
penetrates a cell to be inversely proportional to its molecular 
attraction to water. Therefore, the more a substance lowers 
the surface tension of water the more easily it penetrates cells. 
As was stated above, this is only one of the factors involved. 
It has been found that substances which very greatly lower the 
surface tension of water do penetrate cells, but there is not 
always a constant ratio between the surface tension lowering and 
the penetration. This same idea championed by Batelli was at- 
tacked by Fluzin, who claims that the attraction of the mem- 
brane for the solvent is also important. The idea that degree 
of hydration on the two sides of the membrane influences osmose 
is also held by H. N. Morse. 

Overton supposed plasma membranes to be composed of what 
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i) Those substances which penetrate slowest are neutral salts 
of strong acids and alkalis or alkaline earths, many neutral salts 
of organic acids or bases, especially adds with short carbon 
chains, amino acids, and hexoses. 

2) Erythrite (4-hydric alcohol). 

3) Glycerine (trihydric alcohol), urea and thio-urea. 

4) Dihydric alcohols and amides of monovalent adds. 

5) Those which penetrate fastest are monohydric alcohols, 
aldehydes, ketones, aldoximes, ketoximes, and mono, di and tri 
halogen hydrocarbons, nitriles, nitroalkyles, neutral esters of in- 
organic and organic acids, and many organic adds and bases, 
and ammonia, CO, and the elementary gases. Also free alkaloid 
bases and some basic dyes. 

Increasing numbers of hydroxyl groups decrease the pene- 
trating power, and the same effect results from increasing the 
number of NH, groups. Halogen substitution increases the pene- 
trating power. The alkyl or acetyl substitution of the OH or 
NH2 groups increases the penetrating power. 

As a rule the basic dyes penetrate easily, and the sulphonic 
acid dyes less easily, but there are exceptions. If the cdl is 
placed in a dilute solution of the dye the minute size of the cdl 
makes it hard to distinguish whether the dye has penetrated or 
not, since the microscope does not concentrate the color. If the 
cell is placed in a concentrated solution of the dye and then re- 
turned to a colorless medium for observation, the dye tfiat has 
penetrated may come out again before it can be observed. Many 
of the basic dyes are precipitated by tannin in the cells so that 
they may be observed, or they may stain granules or gels. Some 
dyes that do not at first become more concentrated in the cells 
than in the medium, become more and more coarsely colloidal 
within the cells, which constantly absorb more dye in true solu- 
tion, until they are stained sufficiently to be observed. It is best, 
in this case, to place the cut stem of the plant in the dye and 
allow it to remain several days before observation. 

Overton's work has not all been confirmed. Janse states that 
KNOg penetrates Spirog>Ta rapidly. Osterhout (1909) claims 
that calcium and other salts penetrate plant cells at a fair rate. 
He supposes that Overton may have failed to observe his experi- 
ments continuously. 
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The permeability of erythrocytes seems to be similar to that 
of plant cells according to the researches of Grijns (1896), 
Hedin (1898) and others. Urea, however, seems to form an 
exceptional solute to which the corpuscles are permeable. Ham- 
burger (1916 b) claims that the erythrocytes are permeable to 
anions and to Na* and K*. 

According to Rona and Michaelis (1909 b) the erythrocytes 
of dogs and men are permeable to dextrose, judging from the 
partition of dextrose between corpuscles and plasma (which was 
not constant, however). On the contrary Kozawa (1914 b) 
found the erythrocytes of swine, goat, sheep, horse, ox, cat, rab- 
bit and guinea pig very poorly permeable to pentoses, pentites, 
hexoses, hexites, methylated sugar, disaccharides, amino acids 
and salts of organic and inorganic acids, and the erythrocytes 
of men, apes and dogs, the same to all except monosaccharides. 

The permeability of other animal cells seems to be similar to 

that of erythrocytes except in the case of certain cells of the 

kidney, gut, connective tissue and smooth muscle, which are 

more permeable. According to Meigs (1912 c) smooth muscle 

,cells have no plasma membranes. The composition of other cells 

,in regard to salts is similar to that of the er)rthrocytes, the Na 

'content of all the cells is less than that of the blood plasma. 

Whereas the K content of the blood plasma is about .026 per cent, 

. that of the heart is .161, liver .1718, kidney .1643, spleen .1691, 

! brain .245, lung .0836, muscle .3, and that of erythrocytes .5 

per cent. 

The convoluted tubule cells of the kidney are permeable to 
many dyes that do not stain other cells. According to Siebeck 
(1912) they are more permeable to KCl than to other salts. 

As is well known, phagocytes can take up solid objects, and 
might include some fluid containing dissolved substances along 
with them. The "pyrrol" cells of the connective tissue are con- 
sidered by Evans and Schuleman (1914) to take up colloidal 
dyes "phagocytically" but just what is meant is not clear. The 
Kupfer cells of the liver also take up these dyes, and J. Voigt 
(1914) claims that they take up colloidal silver. The reticulum 
cells of the spleen and interstitial cells of the testicle behave 
similarly toward these dyes. 

The eggs of some marine (Fundulus), migratory (smelt) and 
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fresh water fish (pike, muskalonge) are impermeable to salts 
and also to water. If Fundulus ^gs are taken from the mother 
or from the sea water in which they are laid, they neither swell 
nor lose their salts. The fish that develop from these eggs are 
permeable to water, but there is evidence to indicate that except 
for the gut and kidneys they are impermeable to salts (Sumner, 
1905 and 1907, and G. G. Scott, 1913, a and b). 



CHAPTER IX 

CHANGES IN PERMEABILITY OF PLANT CELLS 

That the permeability of a celt may change has long been 
known. Nageli (1855) observed that when plant cells died 
chlorophyll and other substances diffused out of them. Pfcffer 
("Pflanzenphysiologie") explained the movements of plants as 
due to changes in permeability. It had been shown by Pf effer and 
de Vries that the osmotic pressure of many plant cells is very 
high — when the cells are placed in water, that they do not burst 
is due to the strength of the cell wall. If water is accessible the 
plants are firm and elastic as a rubber tube when it is filled with 
water under pressure. If the water is removed from them by 
evaporation or by immersion in a concentrated salt solution they 
wilt and contract. The same is true if the permeability of 
the cells is increased, as by killing the plant by immersion in 
hot water or in some toxic solution or gas. But changes in 
permeability may occur without death of the plant Such 
changes follow some external change which we call a stimulus. 
Plants which respond in this way to stimuli are called sensitive 
plants. The leaves of Mimosa pudica, and many Leguminoceae 
and Oxalaceae close after being touched. The stamen hairs of 
Cynara (French artichoke), Centaurea, Berberis and Helianthe- 
mum shorten after an insect walks over them. 

Pfeffer observed the shortening of these stamen hairs under 
the microscope. A fluid exuded from the cells into the inter- 
cellular spaces, due to increased permeability of the cells to the 
osmotic substances which held the water in them. The cell walls 
had been stretched by an osmotic pressure of about three atmos- 
pheres. When this was released the cells decreased in volume 
and the hair consequently decreased in length. The cells in such 
cases are not dead because they gradually absorb water and swell 
(regain their turgor) and the hair lengthens. The osmotic sub- 
stances that were lost when the permeability increased cannot 
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Clendon, 1912 d). The mineral acids penetrate, but the fatty 
acids more quickly. It is probable that both of these acids in- 
crease the permeability. 

The same caution should be observed in considering the 
permeability of cells to bases. E. N. Harvey (1911) stained 
Elodea leaves with the indicator, neutral red, and studied the 
penetration of bases. Ammonia and the amines penetrated more 
quickly than the alkalis. All of these bases probably increased 
the permeability. 

In the experiments of Czapek (1910) the cells were evidently 
killed and the permeability irfeversibly increased. Czapek de- 
termined the exit of tannin from Echeveria leaves by the failure 
of alkaloids to cause a precipitate within the cells. Monovalent 
alcohols and ketones, ether, urethane, di and tri acetin, sodium 
oleate, oleic acid, lecithin and cholesterin increased the perme- 
ability of the cells to tannin, when the surface tension of their 
solutions in water sank to about 0.68. Mineral acids increased 
the permeability when the concentration just exceeded 1/6400 
normal, the same concentration at which Kahlenberg and True 
(1896) had found the growth of Lupinus to be stopped. Their 
action is evidently due to the H ions. 

The experiments of Osterhout (1911) are especially valuable 
because he was careful that the cells were not killed. He found 
that the permeability of Spirogyra is increased by pure solutions 
of NaCl and that this action is inhibited by the addition of 
OaCla- A solution of NaCl may be hypertonic and yet fail to 
plasmolyze the cells because it penetrates, but if a little CaCI, 
solution be added, plasmolysis occurs even though the osmotic 
pressure of the salt solution is slightly reduced. 

The electric conductivity method was used to determine perme- 
ability of animal cells by several investigators (G. N. Stewart, 
1897, McClendon, 1910 c). Osterhout (1912 a) extended this 
method to seaweed, finding that the conductivity of leaves of 
Laminaria (kelp) is increased by immersing them in NaQ, and 
decreased by immersing them in CaCL solutions in a reversible 
manner. He claims that the size of the cells was not changed 
by the solutions and since the conductivity of the solutions was 
the same as that of sea water, the result is not due to a change 
in the conduction in the intercellular substance. He concludes, 



CHAPTER X 

NEGATIVE OSMOSE AND THE POLARIZATION OF 
MEMBRANES IN RELATION TO THE BIO- 
ELECTRIC PHENOMENA, STIMULATION, 
ABSORPTION AND SECRETION 

Owing to the wide hiatus yet remaining in our knowledge of 
this subject, we need especially to guard against definitive state- 
ments. It seems best to attempt to explain the unknown in 
terms of the known, or at least to admit the possibility that the 
unknown is similar to the known and the invisible of the same 
structure as the visible. 

Of the various conceptions of osmotic membranes, two seem 
to stand out prominently. The first is that the membrane is a 
molecule sieve. The fact that the osmotic properties of porcelain 
membranes increase as the pores become finer, tends to support 
this view. On this hypothesis, the electric phenomena associated 
with membranes become capillary electric phenomena. The sec- 
ond conception is that an osmotic membrane is a separate phase 
that will dissolve some of the constituents of the fluids bathing 
it. The electric phenomena associated with such membranes are 
called phase boundary forces by Nemst and Riesenfeld. Since 
there must be spaces between the molecules of the membrane, 
this phase becomes a sieve and the difference between the two 
conceptions seems to be more quantitative than qualitative. It 
may be asserted that from the first viewpoint we are concerned 
with the size of pores and molecules, and with adsorption and 
contact electricity, whereas from the second viewpoint we are 
concerned with solution, partition coefficient, association and 
dissociation. But owing to the state of our knowledge of the 
forces concerned in these phenomena, it is difficult to compare 
them. Presumably all forces are electric. The dielectric con- 
stant of the phase membrane determines its ionizing power and 
hence its permeability to ions, but the dielectric constant of the 
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ently zinc ions cannot reverse the charge of the porcelain. The 
author observed that if a concentrated solution of zinc sulphate 
were placed on each side of a porcelain membrane (kindly loaned 
by Dr. Bartell) and an electric current passed, water was dra¥m 
through the membrane to the cathode by electroendosmose. This 
showed that the water was charged positively, and the water on 
passing through capillary spaces always takes the opposite charge 
to the charge of the walls. 
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Fig. 27. Scheme showing the mode of diffusion of anions through a 
large pore in a negatively charged membrane, thus causing negathre os- 
mose by electroendosmose. 



Bartell and Hocker explain negative osmose as electroendos- 
mose. Since the dilute side becomes charged negatively, it pulls 
the positively charged water through the membrane, causing the 
flow to be toward the dilute side. 

In Fig. 27 is represented a negatively charged membrane with 
a large pore. If the pore were small a negative ion could not 
enter it since it would be repelled by the negative charge of the 
walls. If cations pass through small pores they tend to make 
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Bethe and Toropoff found that pol3rvalent cations tend to 
reverse the charge of the membrane and, hence, the direction 
of electroendosmose and disturbance of neutrality, whereas poly- 
valent anions tend to maintain it. The effectiveness of anions 
in causing cathodic acidity is as follows: citrate'" > phos- 
phate''> oxalate"> SO/'> V> Br'> Cr> NO,'. The ef- 
fectiveness of the cations in reversing the charge of the membrane 
and disturbance of neutrality is as follows: Co(NH,)^*-*> 
La-> Ca"> Ba> Mg--> Na-> Cs> K^> Li-> NH/. 

The experiments of Bethe on living cells (1916) are, however, 
open to another interpretation. It was shown (McClendoa, 
1914 d) that the anthocyan (or other pigment) in many plant 
cells is amphoteric. In acid it is red and goes to the cathode, 
whereas in alkali it is blue or green and goes to the anode, if an 
electric current is passed through the solution. These changes 
may be observed in the living cells, which are penetrated easily 
by acetic acid or animonia but are easily injured by the reagent 
or current so that the pigment passes out of them. In successful 
experiments, all of the pigment is massed in the cathode ends 
of red cells and in the anode ends of blue cells. When the plant 
is fresh the pigment is usually reddish, but contains a small pro- 
portion of blue, and sometimes violet cells may be found. If 
an electric current is carefully passed through a violet or red- 
violet cell under the microscope, the red portion of the pigment 
will mass in the cathode end of the cell, and the blue portion 
in the anode end. This phenomenon may have led Bethe to 
suppose that the passage of the current through the membrane 
disturbed the reaction. His experiments on cells stained with 
neutral red are not, however, open to this objection. It should 
be noted that the anode end of the cell is the cathode side of 
the membrane against which the pigment is massed. 

It might be supposed that the colloidal membranes used by 
Bethe and Toropoff are so different from the porcelain used by 
Bartell that the results may not be compared. Bethe and Toro- 
poff found, however, that membranes of clay or carbon behaved 
in the same way as gelatine membranes, in the disturbance of 
neutrality on the passage of an electric current through them. 
We may, therefore, safely use the foregoing findings in ex- 
plaining the results obtained with various membranes. Flusin 
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Bernstein ("Elektrobiologie/'p. 162) supposes electroendosmose 
to be the explanation of his observations on n^fative osmose 
through copper ferrocyanide membranes, although he records 
no observations on the electric charge of the membranes or the 
emf . On filling the osmometer with K^FeCy^ solution and im- 
mersing it in CUSO4 solution of slightly higher osmotic pressure 
(calculated from the freezing point) he observed a rise in the 
manometer, in some cases overflowing at 34 cm. In order to 
eliminate any possibility of error from the unequal temperature 
coefficients for the osmotic pressures of the two solutions, he 
repeated the experiments at 0°, and yet the manometer over- 
flowed. The emf of these membranes as measured by Briinings 
are given below. 

Comparison of the Polarisation of Various Types of Membranes 

The behavior, mentioned above, of the copper ferrocyanide 
membrane may seem surprising, because, of all dead membranes 
that have been investigated, it has proved to be the most truly 
semipermeable in osmotic experiments. Briinings (1907) using 
isotonic solutions of CUSO4 and K^FeCye observed that the 
CUSO4 side is electropositive. He supposed the emf to be due 
to the permeability of the membrane to K ions, and its being im- 
permeable to the other ions. If this were the case, the emf should 
be proportional to the logarithm of the concentration of K ions 
(which is not true, as the emf remained very near 100 mv with 
large variations of K ion concentration). It has been shown by 
H. N. Morse (1914) that these membranes rapidly deteriorate 
when in contact with other ions than those from which they arc 
formed, and for this reason it may be impossible to decide this 
question. When we remember, however, that Morse observed 
that the membrane may be greatly thickened by the passage of 
an electric current, it becomes clear that the membrane cannot 
be absolutely impermeable to copper and ferrocyanide ions until 
its electric conductivity becomes practically zero. Evidently, 
during the formation of the membrane (without the aid of the 
current) negative charges are removed from the ferrocyanide 
solution and positive charges are removed from the copper solu- 
tion, which would produce an emf opposite to that found by 
Briinings if the membrane is impermeable to all ions excq)t 
copper and ferrocyanide ions. 
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40 mv was observed. With a wooden membrane and KQ the 
emf was 7 mv, and the dilute side positive. 

The emf produced by porcelain membranes in Hocker's ex- 
periments was very small, due to the fact that he waited twenty- 
four hours for equilibrium to occur before making the read- 
ing. He found that time to be required owing to the thickness 
of the porcelain. Very irregular results were obtained if the 
reading were taken soon after filling the apparatus. The author 
observed that the bowl of a clay pipe showed negative osmose 
and was thin enough to come to an equilibrium more quickly, 
provided the previous solution had been thoroughly soaked out 
of it. Briinings (op. cit.) found Nemst's formula to be approxi- 
mated with a burned clay membrane separating n/ioo and n/iooo 
NaCl solutions, the observed emf being 50 mv and the calculated 
59 mv. Briinings obtained rapid equilibrium by soaking the 
membrane in the more concentrated solution, in one case boiling 
it in this solution sixteen days with a reflux condenser. Briinings 
tried membranes of burned clay, wood, bone, carbon and marble 
with NaCl and KCl, and in every case the dilute side was posi- 
tive. Since the CI ion is faster than the Na or K ion these mem- 
branes must be more permeable to cations than to anions. 
Probably this is due to repulsion of the anions by the n^[ative 
charge of the membrane. 

The effect of the electric charge of the membrane on its rela- 
tive permeability to anions and cations is illustrated by an experi- 
ment of Mines' (1911 b). In the following concentrati<Mi cell 
the emf is zero: 

Zn, ZnSO^ | n/8 NaCl | n/80 NaCl | n/8 NaQ | ZnSO,, Zn. 

If, however, a gelatine membrane is placed between two of 
the NaQ solutions the dilute side becomes positive with an emf 
of about 60 mv. The gelatine, therefore, is more permeable to 
cations than to anions, and it is well known that natural gelatine 
is electronegative. Gelatine is made positive by the ions of 
polyvalent metals, and hence Mines treated the gelatine with 
a salt of Gadolinium to test its effect on the emf. The same 
gelatine membrane used above, after treatment with GdQ, and 
being returned to the concentration cell, caused an emf of 8 mv, 
Hut the dilute side was negative, showing that the membrane had 
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at 2$^, when this ion is monovalent and is ten times as ooncen- 
trated on one side of the membrane than on the other. 

It is characteristic of most of the separate phase membranes 
that have so far been studied that they are very poorly permeable 
to water. Their ionizing power is often very small, and except- 
ing the metallic membranes, they are poor electric conductors. 
Hence the measurement of the emf with a galvanometer, capil- 
lary electrometer, or even a potentiometer, is sometimes im- 
possible. A quadrant electrometer of Lord Kelvin's or Dole- 
zalek's type is usually used. 

For the general case of a membrane permeable to both ions 
of the solute, Nemst's ideal formula in millivolts at 25** is, 

U — ^V U' — ^V' CjL 

emf = 59 ( ) log — 

U+V U'+V' Ca 

where u and v are the speeds of cation and anion in water and 
m' and 7/ in the membrane. Though the emf so calculated would 
be correct if the two aqueous solutions were connected so as to 
form a closed circuit, the emf could not be measured imder such 
conditions. If calomel electrodes are used, the solutions con- 
necting this concentration chain to the electrodes would have an 
eflfect on the total emf as measured. 

Examples of membranes permeable to only one of the two ions 
of an electrolyte are given by Cremer (1906) and Haber and 
Klemensiewicz (1909). Membranes of ice, benzol, toluol, 
metaxylol, nitrophenol, and thin, water soaked glass, acted as 
though they were permeable only to H ions. When the H ion 
concentration on one side of the membrane was ten times as 
great as on the other side, the average emf with soft glass was 
52 mv and with hard glass 59 mv, whereas that calculated from 
Nernst's formula is 58 mv at 20°. The emf with the other mem- 
branes was almost as great. Haber and Klemensiewicz used 
almost pure solutions of acids and bases (without buflFers) and, 
in their tables, did not correct for dissociation. Furthermore, 
they made no accurate measurements near the neutral point. 
Since the reaction of all living cells or fluids bathing them is 
near the neutral point, it seemed worth while to make such de- 
terminations, in order to ascertain whether such membranes 
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a membrane of larger surface and less thickness was made. On 
connecting one calomel electrode with the dilute solution and 
the other through the glass tube with the concentrated solution, 
an emf of 25 mv was measured with the potentiometer, the 
dilute side being positive. 

The other type of membrane is an organic base, which, accord- 
ing to Beutner, combines with the anion of the electrolyte to 
form a salt soluble in the membrane. His experiment was re- 
peated with o-toluidin, in the same manner as with, salicylic 
aldehyde, and obtained 27 mv with the Dolezalek electrometer. 
In order to use the potentiometer, chloroform was added to the 
toluidin to make it heavier, and 80 mv obtained, the dilute side 
being negative. 

In order to obtain larger membranes, parchment paper tubes 
were soaked in salicylic aldehyde, toluidin or anilin. In each 
case the emf was what would be expected with parchment paper 
alone, but was maintained for a longer time. For this reason 
it seems possible that the organic liquid was effective in retard- 
ing the wetting of the paper with consequent enlargement of its 
pores. If this is true it shows a method of finding tlie initial 
emf with parchment paper. Although with toluidin alone the 
dilute side is negative, when it is applied to parchment paper 
the dilute side is positive. The emf with n/ioo and n/iooo KQ 
was 59 mv, and substituting toluidin, was 52 mv. 

According to Loeb and Beutner (191 3) a solution of lecithin 
in m-cresol acts in the same way as salicyl aldehyde when used 
as a membrane in a concentration cell. But since higher fatty 
acids could be substituted for lecithin, it seems probable that 
fatty, or glycerophosphoric acid, formed by the decomposition 
of lecithin was the active agent. 

Bioelectric Phenomena 

The electromotive forces produced by living matter have al- 
ways been a subject of interest, if not amazement. The shock 
of some electric fish is several hundred volts, and may be felt 
while the fish is entirely submerged in sea water. On the other 
hand, the ordinary electric potential differences observed in living 
natter never reach o.i volt. The secret of the electric organ 
5S in the connection of the elements in series. Brunings ob- 
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Bernstein's theory. Furthermore, it is the only theory that will 
account for all of the facts. 

According to Bernstein, the striated muscle fiber or ceU is 
surrounded by a membrane or surface (called the plasma mem- 
brane since it is the superficial layer of the protoplasm) , which 
is more permeable to the cation than to the anion of some elec- 
trolyte more concentrated in the interior than on the exterior of 
the muscle cell. The cations passing through the plasma mem- 
brane leave the interior negative, and form a positive outer 
stratum of an electric double layer thus formed at the surface of 
the cell. Many attempts to determine the electrolyte have been 
indecisive, but it seems probable that the cation in question is 
the hydrogen ion, in which case the cell surface must be rela- 
tively impermeable to all anions. This assumption has the ad- 
vantage that it avoids the necessity of diflFerence in osmotic 
pressure on the two sides of the membrane. A diagram of this 

"+- + - + - + - + - + - + - + 
_- + - + - + - + - + -+-4--- 

4-0 4--+ +- + -+- + - + - + - r 

4-- + - + --J-~ + --h- + - + -+'/+ 
40 +-+- + -+- + - + -H. -V 

Fig. 28. Scheme showing the plasma membrane of a cell torn open at 
one end and liberating the excess of anions. The + and — indicate the 
charge of ions and the arrows the direction of diffusion. Only -f ions 
can come out through the intact plasma membrane and hence there is an 
excess of — ions on the interior. The tear causes a negative charge to 
appear at the surface and give rise to the current of injury. 

idea is shown in Fig. 28, representing a muscle cell with one end 
cut off to produce the current of injury. The ( — ) signs are 
anions that can escape only at the cut end. The current of injury 
is caused by the escape of the anions at the cut surface. What 
these anions may be is immaterial, but presumably they include 
proteids with negative charges and anions of carbonic and lactic 
acids produced in the muscle fiber. 

The acidity within the cell necessary to produce such an emf 
as in muscle need be only that of a molecular solution of CO,. 
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contracted it was drawn in at the ends and pushed out at the 
sides, so that the same area lay between the electrodes, but was 
now composed of a smaller number of larger cylinders. It may 
be objected that the surface of the contracted fibers is thrown 
into waves but this does not affect the problem, because such 
fibers can be resolved into an infinite number of short cylinders 
of different sizes placed one on another. If a change in the 
diameter of all of the fibers does not affect the conductivity, a 
local variation in the diameter of one fiber does not affect it. 
It seems that the evidence points to an increase in the permeabil- 
ity of the muscle on stimulation. 

It was shown by Kunkel (1887) and Burdon-Sanderson 
(1888) that an action current follows stimulation of the sensitive 
plant, Dionea, and the same has been found true of a host of 
plants by A. D. Waller. It seems probable that an action cur- 
rent (blaze current) follows stimulation of any plant except 
perhaps most marine plants, as indicated by Waller. 

This increase in permeability may cause movements (in addi- 
tion to electric phenomena). Pfeffer ("Physiol. Untersuchungen" 
I and 2, 1873) studied the movements of plants. The stiffness 
of a plant is due to the pressure or turgor within its cells, and 
Pfeffer observed that plant movements are caused by local varia- 
tions of turgor. Each cell is surrounded by a semipermeable 
plasma membrane. The osmotic pressure within the cell causes 
the absorption of water, from the capillary spaces between the 
cells. When the plant is stimulated certain cells lose their seini- 
permeability and the cell sap filters out into the intercellular 
spaces, causing a local shrinkage of the tissue. 

Waller (1904) observed that the conductivity of plants may 
increase 100 fold (or less) on stimulation, thus giving more evi- 
dence for permeability increase. He observed the blaze current 
to last fifteen minutes in some cases, which makes it easier to 
study conductivity during the stimulated state. 

Whereas the action of the sensitive plant may reach a maxi- 
mum one second after stimulation, movement does not begin 
until two and one-half seconds after stimulation. The time re- 
quired for diffusion together with the mechanical inertia of the 
parts probably accounts for the delay. 

We may sum up the data on the universality of the bioelectric 
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dead muscle. Perhaps the perimysium surrounding the muscle, 
being formed of electronegative colloids, is more permeable to 
the cations than to the anions of the electrol3^es between the 
muscle fibers, hence the dilute side (in reference to the salt) is 
positive. When the end of a muscle is dipped in water, the 
dilute (water) side is positive until the water injures the muscle, 
when the dilute side becomes negative, the perimysium emf being 
superseded by the current of injury. Briinings found that when 
the entire body of a man, a frog or a plant is used as a mem- 
brane in a concentration cell, the dilute side is positive. 

Loeb and Beutner (1914), who extended Briinings's experi- 
ments, oppose all hypotheses on the origin of animal electricity 
which relate to membrane destruction or selective permeability 
to ions. They admit, however, that a current of injury is pro- 
duced by cutting off part of the skin of an apple, and that the 
same increase in permeability may be produced by merely press- 
ing the skin with the finger. The argument they bring against 
Bernstein's hypothesis is the similarity between living tissue on 
the one hand and Beutner's acid membranes or lecithin in g^aicol 
on the other, when used as membranes in certain concentration 
cells. It seems perhaps more significant that in a previous paper 
(1912) they interpret their results as showing that the seat of 
the current of injury is the intact membrane and that it is caused 
by the increase in permeability or removal of the membrane 
at the injury. 

Having thus sketched the membrane hypothesis, it may be ad- 
visable to add additional proofs of its validity. If the membrane 
theory is correct, change of temperature of the cut end of a 
muscle should not affect the current of injury since the cut end 
is not the seat of the emf, but the current of injury should be 
proportional to the temperature of the intact end. From Nernst's 

Ci 

formula emf (in millivolts) = .198 T log , where T is the 

absolute temperature, hence any change in T would cause a 
corresponding change in the emf. Bernstein (*'Elektrobiologie," 
p. 97) found this to be the case, at least between the tempera- 
tures i8°-o°. In case two points on an intact muscle are at 
different temperatures Nernst's formula becomes emf = .198 Tj 
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ions on the rate of pulsations of medusae, but the anomalous 
action of Ca" was again apparent. Perhaps the explanation of 
this lies in the assumption that the effect of the ions on pulsations 
is the summation of their effect on various tissue and cell struc- 
tures, and that the sensitiveness of these structures is different 
for the same ion, the ions standing in no constant ratio in this 
regard. This is illustrated by the fact that Mg" is a strong 
depressant of muscular contraction whereas Mayer (1915, 1916) 
has shown it to be without effect on nerve conduction rate. 

The All-or-None Law 

If the action current (which we may assume is the excitation 
wave itself) rests on so mechanical a basis as has been set forth 
it may seem difficult to picture different gradations of excitation. 
Much evidence is being accumulated by physiologists to show 
that no gradations of excitation exist so far as the single cell is 
concerned, but that all excitations are maximal (Bayliss, 191 5 a). 
This is called the all-or-none law. A weak nerve impulse is ex- 
plained as an impulse in which only a few fibers take part and 
a maximal impulse one in which all of the fibers take part; and 
the same principle holds for muscle. Tonic impulses are due 
to a succession of excitations involving a minute proportion of 
the fibers at any one time, and producing a fibrillation in the 
muscle that gives it tone. Such a tonic excitation continues to 
affect a veratrinized nerve muscle preparation for some time 
after a single stimulus is applied, thus retarding the relaxation 
of the muscle. The peculiar series of action currents after 
veratrin poisoning may be detected with the string galvanometer 
(Lodholz, 1913). Such a delicate instrimient is not necessary 
in case of the electric organ, however, which shows the same 
behavior toward veratrin (Winterstein, 1910 iii (2) 185). 

The all-or-none law removes a series of objections which might 
be raised against a purely physicochemical hypothesis of excita- 
tion. It is the present purpose merely to call attention to this 
fact. For a discussion of the evidence in support of the law see 
Bayliss's Physiology. 

Absorption and Secretion 

The fact that the intestine may absorb a hypertonic solution 
introduced into its lumen has for a long time been the cause of 
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and Stern's experiments more than double this concentration is 
needed. In fact, the concentration used by Batelli and Stem is 
much above the lethal dose for cells. Warburg (1911 a) ex- 
plains the fact that anesthetics inhibit enzjrmes, when contained 
in living cells, in lower concentrations than the same anesthetics 
inhibit the same enzymes in cell extracts, by the assumption that 
the enzymes within the cells are adsorbed to phase boundaries, 
the anesthetics becoming more concentrated at the phase boun- 
daries. If this explanation is correct we must make the further 
assumption that the enzymes in the cell extracts referred to are 
in true solution, whereas the invertase used by Meyerhof formed 
a colloidal solution because the invertase was inhibited by as 
low a concentration of anesthetic as is required to inhibit the 
respiration of the erythrocytes. 

Although Batelli and Stern claim that anesthetics precipitate 
proteins Traube and Kohler (1915) and Traube (191 5) assert 
that anesthetics help in the solution of proteins. In the follow- 
ing table they have arranged anesthetics according to their power 
of hastening the swelling and solation of gelatine jelly (and re- 
tarding gelation of sols). It is found that they are with few 
exceptions in the order of anesthetic power, as shown by the 
figures in the last column, which represent the molecular concen- 
tration for anesthesia. 

Anesthetic concentration 
Anesthetic (Overton) 

Phenanthren 0000037 

Thymol 000055 

Napthaline .000065 

Chloroform 0014 

Ohlora! hydrate (acid) .006 

Ethyl ether • .001 

Ethyl diloride XXJ45 

Sulfonal .0088 

Trional .0064 

Isoamyl alcohol .0123 

Ethyl urethane .041 

Isobutyl alcohol 045 

Methylethyl ketone .09 

Ethyl acetate (acid) .03 

Proprionitrile 

Tert. amyl alcohol 057 

Propyl alcohol 11 

Acetone 26 

Etihyl alcohol .39 

Methyl alcohol .57 
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The toxicity of the strong bases depends on the hydToxyl ion 
concentration. These are seldom used for disinfection because 
they are neutralized by the CO, of the air. Quick lime is used 
more for its drying power and the toxicity of the Ca ions, than 
for the toxicity of the OH ions. 

The weak bases are similar to the weak acids in that their 
power of reducing the surface tension of water must be con- 
sidered. Some of them, such as quinine and strychnine, are 
especially destructive to certain protozoan parasites. 

Solutions of soap are alkaline, due to hydrolysis. Soap lowers 
the surface tension of water enormously and has a marked 
c)rtolytic action. It destroys the free forms of many bacteria. 

We may summarize some of the disinfectants as follows : 

Anesthetics. Alcohol, 50-70%. Phenol 5%, 24 hrs.; Cresol 

S%, 2 hrs. 
Oxidizers. H^O, 1%, 30 min. CI,; Br,; I,. 
Reducers. Formaldehyde, SO,. 

Strong acids, o.i normal 15 minutes. 
Weak acids. Acetic, concentrated. 
Strong bases. CaCOH), (dehydrating). 
Weak bases. Quinine. 
Soaps. 
Heavy metals. HgQ,; Cacodylic acid AgNO, Argyrol; CUSO4; 

Salvarsan. 



CHAPTER XIII 

AMEBOID MOTION AND TROPISMS, CELL DIVISION, 
FERTILIZATION AND PARTHENOGENESIS 

It was shown by Quincke that movements of drops of fluid, 
resembling ameboid motion, could be produced by localized 
changes in surface tension. A local reduction in surface tension 
produces a protrusion of the affected surface — a localized increase 
produces a flattening. By a combination of such changes in sur- 
face tension, combined with adhesions to the substratum and to 
food particles, Rhumbler (1905, 1910) has imitated all forms of 
ameboid motion. 

In imitating food taking, Rhumbler found that his artificial 
amebae would take only such food as adhered to them. A chloro- 
form drop would engulf a piece of shellac but not take a piece 
of glass. If a piece of glass is coated with shellac, the chloro- 
form drop will engulf it, but after the shellac is dissolved off 
it will reject the glass. In this way the process of defecation 
by the ameba is imitated. Such a process also imitates the shell 
building of some protozoa. These shells are formed of defecated 
particles which cover the surface of the protozoon. If chloro- 
form is shaken with powdered glass and dropped into water, 
the drops are found to be surrounded by shells composed of 
particles of glass. 

The ameba apparently does not adhere to all of the food that 
it takes, shown by the fact that it often takes in a quantity of 
water with the food particle. The ifood is separated from the 
protoplasm on all sides by water, and thus, after ingestion, comes 
to lie in a food vacuole. Bernstein (1900) was able to make 
an artificial ameba take food to which it did not adhere. A drop 
of mercury was immersed in dilute nitric acid and a crystal of 
potassium bichromate held near it. As soon as some dissolved 
bichromate reached the mercury the surface tension was reduced 
and the mercury moved toward the crystal. The momentum of 
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the sperm contains lecithin and therefore fatty acid, and since 
fatty acids and many other organic substances cause membrane 
elevation and segmentation, it should be possible to cause s^- 
mentation with sperm extract. Robertson ( 1912) washed sperm 
in HjO, precipitated the extract with BaQg, redissolved it in 
HCl and reprecipitated it with acetone. The resulting "oocytin" 
caused membrane elevation. 



CHAPTER XIV 

MUSCULAR CONTRACTION, OXIDATION AND HEAT 

AND LIGHT PRODUCTION 

The muscle was at one time considered to be a machine in which 
a difference in temperature produced by oxidation is converted 
into mechanical energy, but this hypothesis does not harmonize 
at all with the facts. A. V. Hill (1913 a) has shown that when 
the muscle performs an isometric contraction in an atn:K>sphere 
of nitrogen the heat produced is about half as great as when 
oxygen is present, and develops simultaneously with the contrac- 
tion. Evidently this is a case, at least in part, of the transforma- 
tion of mechanical work into heat. If oxygen is present, Ae 
heat produced is much greater, but nearly half of it is produced 
after the contraction is completed, evidently having nothing to 
do with the contraction. 

Striated Muscle 

The muscle may work for a considerable period without oxy- 
gen, or with the oxidations suppressed by HCN. Weizsacker 
( 1912) reduced the respiration of frog's heart to 36 per cent of the 
normal for thirty minutes without reducing the work performed. 
By larger doses of HCN he completely prevented the consump- 
tion of oxygen, finding the work to be only reduced to about 
70 per cent of the normal. This proves conclusively that the 
muscle is not a heat machine. 

Hill measured the heat and work produced by a muscle with 
a relatively low tension and stimulus, and found the work to 
equal 90-100 per cent of the equivalent of the heat produced 
during contraction. The heat produced in the relaxation period 
was 80 per cent of that produced during contraction. Therefore 
the efficiency of the muscle is more than 50 per cent. 

Engelmann (1893) showed that a catgut stretched in water 
would contract on addition of acid. Stretching of the catgut 
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sorbed to a surface, the anesthetic adsorbed to the same surface, 
and its concentration increased above that in the interior of tlie 
solution. Meyerhof (1914 a) attempted to make a model to 
show this difference. He found that the activity of an invertase 
solution is not altered by adsorption to colloidal ferric hydrate 
(dyalized iron). If the same concentration of anesthetic is added 
to the invertase solution and the invertase iron suspension, the 
activity of the latter is reduced more than the former, but die 
difference is very small, not nearly so great as between the inver- 
tase inside and outside the cell. 

The question as to whether the cells of the body would use 
more oxygen if they were more liberally supplied with it is very 
important. Paul Bert (1878) found that animals died in oxygen 
under pressure, but this phenomenon has never been thoroughly 
analyzed. Anaerobes and facultative anaerobes may live in- 
definitely and many other organisms may live for a time without 
oxygen. Infusoria may live from five to twenty days without 
oxygen (Putter, 191 1). The development of Fimdulus eggs may 
be suspended by withholding oxygen and commence again when it 
is readmitted. Henze (1910) found that sea anemones use more 
oxygen the greater its concentration in the sea water. When 
protein is eaten the mammal uses more oxygen than when a 
carbohydrate of the same calorific value is eaten. One explana- 
tion of this might be that the protein gives rise to acid substances 
in the blood which stimulate the respiratory center and cause 
more oxygen to be brought to the tissues. 

Heat Production 

The heat produced by burning fats and carbohydrates in the 
body is the same as that obtained in burning them in the -bomb 
calorimeter, 3.74 Cal. per gram of monosaccharide, 3.95 for di- 
saccharide and about 9.5 for ordinary animal or vegetable fat. 
But the heat produced by protein is 5.7 in the calorimeter and 
only 4.5 in the body. The difference is that the protein is not 
completely burned in the body, being excreted as urea, uric add, 
NHj and other incompletely oxidized products. 

While heat production and loss in man is so r^^ulated from 
the heat center in the brain that the temperature of the body, 
to within an inch of the surface, seldom varies more than a de- 
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Japanese animals luminous secretions and extracts that are free 
from particles. According to Raphael Dubois (1913), these 
secretions contain "luciferase" which can be replaced by potas- 
sium permanganate and "luciferin," of unknown chemical nature. 
Harvey (1916) finds that various oxidases may be substituted 
for luciferase. 

Coblentz (1912) photographed the spectrum of the light emit- 
ted by two species of firefly of the genus Photinus. The light 
contains only from yellowish green to orange rays. It is a cold 
light and is also lacking in rays of short wave length. He found 
the temperature of the luminous organ to be only a fraction of 
a degree above that of the same organ when not emitting light. 
It is probable but not certain that this heat is produced by the 
oxidation of the photogenic substance, as the admission of oxygen 
to the organ would naturally result in cell respiration. 
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The osmotic pressure of the blood of warm blooded animals 
is about eight atmospheres^ about as constant as the body tem- 
perature. As we descend in the animal kingdom the osmotic 
pressure of the blood is more and more influenced by the water 
the animal drinks or lives in, reptiles, amphibians, bony fish, and 
all air and fresh water animals, being more or less independent 
of the medium. The osmotic pressure of the blood of all other 
marine animals is the same as that of the sea in which th^ live. 
The following table gives the freezing point lowering of the 
blood (or of some fluid approximately isotonic with the blood) 
of a number of animals : 

MAMMALS A degrees 

Man, serum 56 (.4/^.62) (In cardiac insufficiency 

up to 1.099) 

Ox 55 (.53-66) 

Horse 564 

Pig 615 

'Rabbit 592 

Dog 571 (.56-.62) 

Cat 638 

Sheep 619 

Whales, blood 65-7 

BIRDS 

Fowl .6-.64 

(joose 55 

REPTILES' 

Caretta, caretta, marine 61-.69 

Colpochelys kempi, " 70 

Chelonia mydas, " 675 

Chelonia caouana, " 602 

Emys europaea, fresh water 474 (.46-.65) 

Pseudemys elegans 48 

AMPHIBIA 

Rana esculenta 465-.56 

Bufo viridis 76 

Salamandra maculata 479 

TELEOSTS (bony fishes) 

Charax puntazzo, marine 1.04 

Chema gigas, " 1.035 

Crenilabrus parvo, " 75 

Box salpa, " 85 

Pleuronectes platessa, " 65-.85 

Amia calva, land locked 508 

Anguilla vulgaris, fresh water... .58-.69 
Barbus fluviatilis, " ... .48-.56 

Catostomus teres, " ... .51 -.52 

iLeuciscus dobula, " ... 45 

"^•wai, Cyprinus, Tinea, Esox," . . . .512 
■^ fluviatilis, " ... .5-.S1 

iO trutta and alpinus, ** ... .62 
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of the corpuscles and to a less extent by the proteins of the 
plasma. The normal viscosity is 4.05-6.8, is greater in man than 
in woman, and increases after feeding and after muscular work. 
In cardiac insufficiency it may reach 8.1 and in polycythemia 
14.4-23.8. It is also increased by stasis. A convenient viscosi- 
meter for blood is shown in Fig. 29. (It may be obtained from 
A. S. Jones, Princeton, N. J.) 

The fact that the viscosity of the blood is determined chiefly 
by the total volume of the corpuscles suggests a method of deter- 
mining the corpuscular volume. Such measurements must be 
made at nearly the same temperature, to be comparable. The 
viscosimeter is standardized with HjO at the temperature at 
which the blood is investigated, but the absolute viscosity of water 
is 27 per cent less at 37° than at 17° whereas this ratio is not the 
same for blood (blood is said to be 16 per cent less viscous at 37° 
than at 17° but it is not clear that the absolute viscosity is meant). 
According to Hess the hemoglobin may be calculated as follows : 

hemoglobin 

=19, except in diseases in which the hemoglobin 

viscosity 

content of the corpuscles or the plasma proteins or the proportion 
of leucocytes is changed. 

The normal refractive index of the serum of man is 1.345-1.35. 
According to Pearl (1914) the refractive index of the serum of 
the fowl is 1.34537 and of the guinea hen i. 34184. 

It is usual to consider the solvent power of the blood plasma 
as being nearly the same as that of water, but this is not always 
the case. Uric acid is practically insoluble in water, the con- 
centration of its saturated solution at 18° being .00015 mol, the 
molecular weight being 168.2. Bechhold and Ziegler (1910) 
found that a liter of serum would dissolve more than half a gram 
of uric acid, at 37°, showing that its solubility in serum is enor- 
mously greater than in water. The reason for this difference is 
not self evident. Uric acid is a weak acid, in saturated solution 
in water being only 9.5 per cent dissociated. Although theoret- 
ically a dibasic acid it acts like a monobasic acid, as only one H 
ion is dissociated ordinarily. The primary sodium salt is more 
soluble than the free acid in water because it is strongly disso* 
dated. According to Gudzent (1909 a) there are two isomeres^ 



i84 PHYSICAL CHEMISTRY 

near that of human blood since they all contain bicarbonates. 
The PH of the blood of the conch (Strombus gigas) is about 
7.5, that of the body fluid of the sea urchin (Cassiopea xamach- 
ana) T.y, Although Mines supposes the PH of the blood of 
Pecten to be about 6.5 this was determined with indicators and 
does not seem to hold for the related genus, Pectenella. 

Sea Water 

It is maintained by A. B. Macallum (1904) that the salt com- 
position of the blood of mammals is the same as that of the sea 
during the Cambrian period. In passing from the marine in- 
veretbrates (the osmotic pressure and proportions of whose blood 
salts is the same as those of the sea) to the mammals, there is 
a gradual lowering of the osmotic pressure and of the Mg con- 
tent of the blood. Macallum supposes that the evolution of the 
sea took the reverse direction and the osmotic pressure and Mg 
content was low in the Cambrian period. The osmotic pressure 
is constantly increased owing to the accumulation of salts carried 
in by rivers, which now carry a greater proportion of Ca and 
Mg. But the Ca is constantly being precipitated since the sea 
is about saturated with calcite and the Mg alone is relativdy in- 
creasing. The osmotic pressure of the blood of various animals 
is given above. The following table gives the relative composi- 
tion of the ash, Na being taken as 100: 

To 100 parts Na: Ca K Mg 

Sea water 3.94 3.57 ii.99 (F. W. Oarke, 191 1) 

Medusa (Aurelia) 4.13 5.18 11.43 (Macallum, 1904) 

Limulus blood 3.83 5.34 11.50 (Gotch and Laws, 1885) 

Sea urchin fluid 5.45 0.24 13.27 (Mourson and Schlagdenhauffen, 1882) 

Sea urchin fluid 12.00 2.20 (Griflfitihs, 1892) 

Av'ge of Molluscs 5.43 12.20 3.07 " 

Lobster blood 8.03 7.12 2.88 (Macallum) 

Sipunculus(worm) 6.55 12.70 3.00 (Griffiths) 

Dog's serum 2.52 6.86 .81 

The discrepancies in the proportion of K ( in sea urchins, for 
instance) may be due partly to the fact that cells containing a 
larger proportion of K were sometimes included, and partly to 
faulty analysis. 

Excised organs and cells of marine animals live for experi- 
mental periods in. sea water and M. L. Lewis (1916) has shown 
that vertebrate tissues may proliferate in diluted sea water. 
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CHEMICAL SUMMARY 
The elements contained in every living cell are as follows: 



Element 

Hydrogen 

Carbon 

Nitrogen 

Oxygen 

Phospliorus 

Sulplhur 

Chlorine 

Sodium 

Potassium 

Magnesium 

Calcium 

Iron 



Symbol Atomic weight Valence 



H 

C 

N 

O 

P 

S 

CI 

Na 

K 

Mg 

Ca 

Fe 



i,oo8 

12 

14.01 

16 
31.04 

32.07 

3546 

23 

39.1 

24-32 

40.07 

55.84 



4 (6 or 12?) 
5 



I 

4 

3, or 5, or 4 

2 

3 

2, 

I 

I 

I 

2 

2 

3 



4, 6 



4,5?) 



Other elements sometimes present are as follows 



Element 

Fluorine 

Bromine 

Iodine 

Aluminium 

Silicon 

Mat^anese 

Copper 



Symbol Atomic weight Valence 



F 

Br 

I 

Al 

Si 

Mn 

Cu 



19 

79.92 
126.92 
27,1 
28.3 

54.93 
6357 



■} 



3 
4 

3, 2, 
2 or 



(2.3.4,5?) 



7 
I 



None of these elements exist as simple atoms in the cell. The chief 
compound is water, HOH. It seems probable, from the high surface ten- 
sion, specific heat and dielectric constant of water, that some molecules 
have combined (polymerized) to form (HOH)b. It is even believed that 
some of these aggregates are colloidal particles, and cause the blue color 
of the sea, but it seems more probable that this blue light is dispersed 
by water molecules, as the blue sky is produced by dust particles on 
drops of water in the air. Gases dissolve in water in the form of Ot, 
Na or Ha, Many of the elements exist in solution as salts, formed by 
the combination of an acid and a base. Na, K, Mg, Ca, Al, Mn and Fe 
combine with O, forming oxides, which combine with water forming 
hydroxides, which are bases. F, CI, Br and I combine with H to form 
acids and Si, P, S, C, N and O may enter into the composition of odds. 

The compounds of carbon are so coimplex and numerous as Co form 
a special group, organic compounds. This is subdivided into tfic open 
chain or aliphatic series and the ring compounds or aromatic series. 

The paraffins are compounds of carbon and hydrogen in open chain. 
Starting with methane, CH4, a combination of two molecules gives ethane, 
CaHg, because two hydrogen atoms are eliminated and the valences tiius 
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